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Transfer printing, a method to transfer microscale objects using polymeric stamps, has been 
studied extensively over the past decade as an enabling technology for the micro and 
nanofabrication of novel flexible electronics. This dissertation focuses on the adoption of transfer 
printing towards the fabrication of unusual elastomeric microsystems for sensing, actuation, 
energy harvesting and robotic micromanipulation. Conventionally, microsystems are constructed 
by rigid materials such as semiconductors, metals, and dielectric materials with a set of well-
established processing methods such as thin film deposition, lithography, etching, chemical-
mechanical planarization. Soft materials such as elastomers are in general not compatible with 
these semiconductor processes which involve harsh environments (high temperature, corrosive 
chemicals, ion radiations, etc.).  In this dissertation, transfer printing is utilized such that the rigid 
and soft materials are prepared under their optimal conditions and integrated mechanically by 
transfer printing. Functional devices such as responsive surfaces and vibration energy harvesters 
are constructed to demonstrate the benefits of the unconventional elastomeric microsystem. Such 
devices outperform rigid systems regarding large deformation capability and providing additional 
design and functionalities that are not possible with rigid components alone.  
As the first example, responsive surfaces with hybrid elastomer-silicon microstructure is 
fabricated using transfer printing. The elastomer-silicon hybrid microstructure can be actuated 
using external mechanical, electrical, or magnetic stimuli to realize tunable functions including 
tunable topography, wettability, optical transmission, structural coloration, etc. As the second 
example, elastomeric microsystems with tunable and broadband resonators are constructed for 




demonstration of functional elastomeric microstructures and devices, this thesis also contributes 
to the fundamental study of transfer printing process including the positioning error during transfer 
printing, the joining strength of material pairs after thermal processing, and thermal stress and 
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CHAPTER 1. INTRODUCTION 
1.1 Basics of Transfer Printing 
Transfer printing, as a strategy of material integration and microfabrication, has attracted 
much research activities in the past decade. Transfer printing-based microfabrication refers to a 
set of techniques for the transfer of prefabricated solid components from a donor substrate onto a 
separate receiving substrate using polymeric stamps to produce micro/nanostructures and 
functional devices. A generic procedure of transfer printing is schematically illustrated in Figure 
1.1. The solid micro components on the donor substrate, sometimes referred to as inks, are 
prepared in many physical shapes (block, membrane, ribbon, etc.) and composed of disparate 
classes of material including inorganic semiconductors, metals, polymers, colloids, and biological 
material [1].  
 
Figure 1.1: A generic transfer printing process using flat stamp. (a) Contact an ink. (b) Retrieve 
the ink. (c) Move to target substrate and print. (d) Release the ink.  
Materials for receiving substrate are also diverse, ranging from rigid semiconductors such 
as silicon wafers to flexible polymers such as Kapton film and silicone rubbers [1]. As a result, 




printing, which opens up opportunities for novel electronics, such as flexible integrated circuits, 
displays, flexible pressure sensors, hemispherical digital cameras, and micro-concentrator 
photovoltaics [1]. 
Most of transfer printing-based assembly techniques make use of an elastomeric material 
as a stamp to first retrieve solid objects, or inks (our term, inks here are solid state objects), from 
the donor substrate and to then print the inks on a receiving substrate. Because of the scaling effect, 
surface forces such as adhesion is much more dominant then volume forces such as gravity at small 
scales, because surface forces scale with the square root of length scale (A~L2) whereas volume 
scale with the cubic root of length scale (V~L3). Therefore, the core challenge of transfer printing 
is the control of surface adhesion and interfacial crack behavior between the stamps, inks, and 
substrates involved [2], whereas the volume force such as gravity can be neglected in typical cases. 
Improving the performance of a transfer printing process fundamentally focuses on improving the 
capability of the stamp to modulate its own adhesion. Typically, stamp performance is calibrated 
by the ratio between its maximum and minimum dry adhesion force, i.e., ON-OFF ratio. A larger 
adhesion ON-OFF ratio generally indicates a superior capability of a stamp and its associated 
transfer printing process. Several most commonly implemented transfer printing methods are 
reviewed as follows.  
Kinetically Controlled Transfer Printing. In the most typical form of transfer printing, i.e., 
kinetically controlled transfer printing, the adhesion of the stamp is modulated by the separation 
speed of the stamp with respect to the substrate [3]. An ON-OFF ratio, or adhesion tenability, of ~ 
3 can be achieved using flat post polydimethylsiloxane (PDMS) stamps in kinetically controlled 




controlled transfer printing process based on fracture mechanics is presented, as shown in Figure 
1.2, by considering the competing fracture between two interfaces.  
 
Figure 1.2: Competing fracture of the pickup (a) and printing (b) in kinetically controlled transfer 
printing.  
When an elastomeric stamp is peeled off from a specified surface of an elastic material 
with steady-state crack propagation at a steady-state speed v, the driving force, quantified by a 
parameter of energy release rate G, is related to the applied peeling force F by [2], [4]–[9] where 
w is the width of the stamp into the plane in Figure 1.2. 




                     (1.1.1) 
Here, G means the energy of interfacial bond breaking as well as viscoelastic energy dissipation 
near the crack tip. The crack propagates steadily once G reaches the critical energy release rate of 
Griffith criterion in fracture mechanics [2], [10], [11]. The critical energy release rate for the 
interface between materials A and B is denoted as Gcrit
A/B in this context. For the interface between 
ink and substrate, it is known that Gcrit
ink/sub is independent of the peeling velocity v, since inks and 
substrates are both elastic. However, the energy release rate for the ink stamp substrate is a 
monotonically increasing function of v, since elastomeric stamps are viscoelastic. Gcrit
stamp/ink is 
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                                        (1.1.2) 
The pick-up of an ink occurs (Figure 1. 2a) when the energy release rate in G in (1) reaches 
the critical energy release rate Gcrit
ink/sub for the ink/substrate interface first. Similarly, printing 
occurs if the energy release rate G reaches the critical energy release rate Gcrit
stamp/ink for the 
stamp/ink interface first. The criterion, for which the occurring of pickup and printing is 
determined, is obtained by comparing the critical energy release rate for the two competing 
interfaces.  
 / /stamp ink ink subcrit critG v G    for pick up  (1.1.3) 
 / /stamp ink ink subcrit critG v G    for printing  (1.1.4) 
When the stamp separation speed is larger than a critical value vc, the ink/substrate interface 
fractures first and the ink stays with the stamp as a result (pickup). When the stamp separation 
speed is sufficiently small, lower than a critical value vc, the stamp/ink interface is fractured, and 
the ink stays with the substrate (printing). As the result, the occurrence of pickup and printing is 
controlled by the peeling speed v. This strategy is thus termed as kinetically controlled transfer 
printing, since the adhesion of a stamp is tuned by the stamp retraction speed [15].   
The main advantage of flat PDMS stamp surface is its versatility in terms of the applicable 
materials and geometries of both inks and substrates. However, the issue with kinetically 
controlled transfer printing lies in its low ON-OFF ratio. It is especially limited when printing inks 
onto non-adhesive surfaces. To improve the ON-OFF ratio of kinetically controllable transfer 




on stamps is used as a means to reduce the contact area with a ink, in a manner that can reduce the 
adhesion and facilitate printing [16]. This strategy will be introduced later.  
Shear-Load Enhanced Transfer Printing: Shear loading is also utilized to modulate the 
adhesion of flat stamp and to facilitate printing. The pickup process works similar to the kinetically 
controlled transfer printing using flat stamp, where a high separation speed facilitates pickup. 
However, during printing, the receiver is displaced laterally which generates a shear deformation 
in the stamp that reduces the normal component of the force required to induce delamination and 
facilitates efficient release of the ink onto the receiver [17]. Similarly, angled posts on the stamp 
surface is also demonstrated, which lead to changes in the propensity for crack formation, and 
therefore adhesion strength, depending on the direction of retraction [18].  
Microstructure Enhanced Transfer Printing: microtip stamps, which harness the drastic 
contact area change during transfer printing to modulate adhesion, has shown to be the most robust 
method to improve adhesion ON-OFF ratio, since it is entirely passive [19]–[21]. Most notably, 
pyramidal microtip structures are incorporated on elastomeric stamp to greatly improve the 
switchability of adhesion to around 1000 through the modulation of contact area [22]–[24]. The 
transfer print process using microtip stamp is described as follow. During retrieval of solid inks, 
the preload force mechanically collapses the microtips, thereby maximizing the contact area and, 
as a result, the strength of generalized adhesion between the object to be transferred and the stamp. 
Retracting the stamp at high speeds maximizes adhesion to the stamp through viscoelastic effects 
and leads to the retrieval of the ink immediately after retraction, elastic restoring forces bring the 
microtips back to original geometry, leaving contact only at the sharp points of the microtips [23]. 
To print, the “inked” stamp is pressed against a receiving surface such that the inks come into 




retraction minimizes the adhesion strength associated with viscoelastic effects, thereby facilitating 
release and completing the transfer printing assembly process. This procedure, when coupled with 
thermal bonding processes, has found success in the manipulation of rigid, solid, microscale 
objects to form 3D silicon microassembly (Micro-Masonry) [25]. Recently, this process is 
extended to disparate class of materials beyond, including dielectrics, metals, and polymers 
(Micro-Lego) [26].  
Laser-Driven Noncontact Transfer Printing: In addition to surface microstructuring, 
thermo-mechanical effect is also investigated to further improve the ON-OFF ratio of transfer 
printing process [27]–[29]. A representative example is laser-induced noncontact printing. In laser-
driven transfer printing, inks are retrieved by a flat post PDMS stamp from the substrate in the 
same manner as kinetically controlled transfer printing. However, releasing of inks from the 
elastomeric stamp is realized by a laser pulse. The pulsed laser beam, which is focused on the 
interface of stamp and ink, causes the separation of ink (e.g. Si) and stamp (e.g. PDMS) due to the 
large thermal mismatch between them. At the weak adhesion state, the effective adhesion between 
stamp and ink is zero, thus the ON-OFF ratio of this process approach infinity (∞). Due to the 
noncontact nature of the printing process, this transfer printing process is termed laser-driven 
noncontact transfer printing.  
Active-Controlled Transfer Printing: So far, most of the approaches have focused transfer 
printing either individual inks in a serial manner or arrays of inks in an entirely parallel manner 
without any individual control. To obtain parallel-manner transfer printing of an array of inks with 
individual control, many efforts have been made to develop active, programmable stamps array 
with individual adhesion control capability. Representative works include stamps utilizing 




For example, open reservoirs with microchannels are positioned under a PDMS thin membrane, 
such that these localized regions of the stamp can be inflated and deflated in a fashion analogous 
to that of a balloon. This construct yields continuously tunable and reversible levels of adhesion 
[30]. Similarly, the pressure of stamp can also be modulated locally by cantilevers actuated by 
piezoelectric effect [31].  
Alternative Stamp Materials: all of the transfer printing strategies mentioned above make 
use of an elastomeric stamp. Besides PDMS elastomer, other stamp materials such as shape 
memory polymer [32]–[34], hydrogel [35], commercial pressure sensitive adhesives [36] and 
thermal release tapes [37] are also utilized for actively controlled transfer printing.  
A summary of major stamp configurations and associated transfer printing technologies 
are summarized in Figure 1.3, which includes flat post stamp using viscoelastic effect, microtip 
stamp and inflatable stamp using contact area change, angled stamp using stress distribution 
change, laser released stamp and shape memory polymer stamp using thermo-mechanical.  
It is noteworthy that for microsystems application where fragile and suspended structures 
are transfer printed, dry transfer printing using PDMS stamp is still preferred compare to other 
tape-based materials, since wet chemical (such as a solvent) and heat is avoided. Also, unlike 
shape-memory polymer stamp and laser-driven transfer printing with flat PDMS stamp, the 
microtip stamp only involves passive mechanism which greatly reduced the complexity of the 





Figure 1.3: Recent development of transfer printing techniques. Some notable milestones include: 
the first demonstration of transfer printing using kinetically-controlled flat post stamp  [3], shear 
stamp and angles stamp which facilitate printing by stress distribution change [17], [18], stamp 





1.2 Existing Microsystems Fabricated Using Transfer Printing 
Prior to this thesis, many microstructures and microsystems based on inorganic 
semiconductors, metals, and dielectrics have been developed by implementing transfer printing as 
a critical step of the fabrication flow. Examples reported in the literature include passive 3D silicon 
microstructures [25], [33], a silicon nanoplate resonator [38], a vertical comb-drive MEMS force 
sensor and actuator [39], a gold thin film thermal switch [40], a RF MEMS switch [26], a 
broadband micromirror [41], and a microtoroid resonator [26]. Most of these microsystems are 
constructed by a microassembly process termed Micro-LEGO, which includes 1) prefabrication of 
silicon-based inks, 2) transfer printing the microscale, thin solid inks using microtip stamp, and 3) 
joining of the assembled components by thermal processing without the use of any adhesive.  
In addition to the microassembly of inorganic microstructures and devices, transfer 
printing-based technology is also adopted for the fabrication of unusual elastomeric microsystems 
with hybrid organic-inorganic architecture. One such example is the micromirror device reported 
previously as the author’s Master thesis and published elsewhere [42], which will be described in 
more details as follows.  
Traditionally, a micromirror device is made of an optical reflector suspended on a set of 
rigid material (e.g., Si) torsional springs [43]–[46]. Monolithic microfabrication including surface 
micromachining and bulk micromachining processes are typically used to realize such structures. 
However, the conventional design and fabrication approaches exhibit several fundamental 
challenges from both material and design perspectives. For example, silicon, as a well-known 
brittle material at room temperature, is susceptible to cleavage fracture under large deformation. 
In addition, extremely slender springs with cross-section-width of the order of a few micrometers 




due to the high elastic modulus of silicon (E ~ 170GPa for single crystal silicon).  The etching 
steps during fabrication often generate defects in the silicon beam structure. To address these 
challenges, we have developed an unusual micromirror device with an organic (Si) reflector and 
inorganic (PDMS elastomer) deformable joint. Compared with the silicon springs, the elastomeric 
joint structures have several advantages: (1) Elastomeric material, such as PDMS, can sustain 
enormous deformation (stretch ~ 100%), which greatly improve the robustness of the device. (2) 
Joint features as large as tens of micrometers can be used due to the extremely low Young’s 
modulus of elastomers (E ~ 1 MPa). Tolerance of the fabrication process is greatly improved. (3) 
The soft, elastomeric joint structure has multiple degree-of-freedom. A three-dimensional motion 
such as tip-tilt-piston can be realized with a simple and compact gimbal-less design.  
The basic structure of the hybrid elastomeric micromirror is shown in Figure 1.4. The 
micromirror consists of three key components: an elastomeric universal joint sitting on a flexible 
substrate, a top mirror, and four bottom electrodes. The term ‘universal joint’ refers to the 
elastomeric cylindrical structure, in the sense that it allows bending toward any direction. The 
mirror and electrodes are made of highly doped single crystal silicon (Ultrasil Corporation) with 
minimal resistivity (ρ = 0.001-cm). Polydimethylsiloxane (PDMS, Sylard 184, Dow Corning) is 
chosen as the elastomer material due to its excellent mechanical properties and well-established 
fabrication processes. To obtain electrical interconnection between the mirror and underlying joint, 
carbon black (CB) particles (VULCAN XC72R, Cabot Corporation) are embedded at particular 
regions of the PDMS structures including the universal joint and the bases underneath the 
electrodes. As a result, the mirror is mechanically and electrically connected to the universal joint 
in such a way that the top mirror and bottom electrodes form a parallel-plate electrostatic actuator. 




whereas the universal joint is 80-μm-tall with 60 μm diameter. The air gap between the mirror and 
electrodes is 37 μm. 
 
Figure 1.4: Device configuration of the electrostatic micromirror shown as colorized scanning 
electron microscopic (SEM) images. The scale bar represents 200 μm.   
The fabrication procedure of the micromirror starts with the preparation of a donor and a 
receiving substrate. Silicon mirrors and electrodes are batch-fabricated on the donor substrate 
using two silicon-on-insulator (SOI) wafers with 20-μm-thick and 3-μm-thick device layers in 
Figure 1.5. The device layer of the SOI wafer is patterned by photolithography and deep reactive 
ion etching. The buried silicon dioxide (BOX) layer is etched for 1 min around the periphery of 
each silicon square. Photoresist anchor is then patterned around the periphery of the silicon and 
the remaining silicon dioxide is completely removed by wet chemical etching using HF. The 
silicon parts are now suspended on photoresist anchor and ready to be picked up. To fabricate the 
receiver substrate, mold with three-layer of SU8 epoxy is lithographically patterned and then 
functionalized with silane to help demolding. Conductive carbon black (CB) particles are sonicated 
in toluene to form a dispersion and then applied over the whole surface of the mold. After full 
evaporation of toluene, the entire mold is coated with a uniform thin layer of carbon black particles. 
Excessive CB particles on the mold are then removed by commercial pressure sensitive tapes such 




precursor is then poured and partially cured at 60 °C for 30 min. After demolding, the PDMS 
including conductive PDMS regions and a non-conductive PDMS base is mounted on a rigid glass 
substrate to complete the preparation of a receiving substrate. 
The transfer printing of silicon mirror and electrodes onto the elastomeric structure is 
performed using a microtip elastomeric stamp. Upon completion of the pick-and-place procedure 
via transfer printing, the PDMS is further cured at 60 °C for approximately 12 hours so that the 
silicon and PDMS components are bonded through surface hydroxyl condensation reactions. The 
whole micro-masonry process including transfer printing and thermal bonding is carried out with 
approximately 90% yield.  
 
Figure 1.5: Fabrication process flow for the hybrid elastomeric micromirror. Silicon mirrors are 
first fabricated on a donor substrate, then transfer printed onto a receiving substrate with 
elastomeric joints formed by molding. Final devices are formed by repeating the transfer printing 
process and thermal processing to form bonding.  
The static behavior of the micromirror is characterized by applying DC voltage to the 
device and measuring the resultant deflection using an optical profiler (NT1000, Veeco). The 
results for both x and y-axis rotations and z-axis piston from three devices are shown in Figure 




about x and y-axes. Pull-in phenomenon occurs under a DC voltage of 90 V, which indicated that 
the operation voltage under static deflection should be smaller than 90 V. The piston stroke is also 
characterized by applying the same voltage to all the electrodes simultaneously. 
The frequency response of the device is also characterized, as shown in Figure 1.2.3b. A 
10 V sinusoidal actuation signal with 10V DC bias, expressed as V(t) = 10 sin(2π f t) + 10, is 
applied to actuate the mirror about x or y-axis while a collimated laser is directed onto the mirror. 
The length of each reflected pattern is measured under different driving frequencies, to the scan 
angles. The results are fitted to a Lorentzian function in Figure 1.2.3b. Resonant frequencies for x 
and y-axis rotations are determined to be 1.2 kHz which match with the values estimated by the 
prior modal analysis. The quality factors for both axes are also determined to be equal to 2.1. 
 
Figure 1.6: Characterization of the static (a) and dynamic (b) behaviors of the hybrid elastomeric 
micromirror. 
Observations from Figure 1.6 reveal that the characteristics for both x and y-axes are almost 




beneficial as it fully utilizes the advantage of the universal joint, i.e., maximized response along 
with all the possible directions at a single resonant frequency. 
To realize electrostatic actuation, the mirror has to be both mechanically and electrically 
interconnected to the conductive elastomeric joint. Similarly, the electrodes have to be electrically 
interconnected to the conduct pads underneath them. The mechanical connection is realized by the 
well-established bonding method between silicon and PDMS through hydroxyl condensation 
reaction. Meanwhile, to characterize the quality of this electrical connection, we measure the 
interfacial resistance between the silicon and CB-PDMS material by a testing approach inspired 
by transmission line measurement. Specimens with five CB-PDMS strips are prepared by the 
molding process similar to what we used for the actual mirror devices (Figure 1.7). The five CB-
PDMS strips on the same specimen have the same width and thickness but different length. For 
each strip, the width is 350 μm and the height is 40 μm, whereas the length varies from 1.05 mm 
to 2.45 mm. After molding, highly doped silicon electrodes are transfer-printed on each end of 
every strip. By probing on the silicon electrodes and measuring the I-V curve for every strip using 
a probe station, five data points can be obtained from each specimen. Linear regression of the data 
points gives the contact resistance and sheet resistance value (CB-PDMS) following the equation 
(1.2.1), where Rc is the contact resistance and RSH is the sheet resistance of CB-PDMS. 




                                                              (1.2.1) 
The interfacial contact resistance between doped silicon electrodes and the CB-PDMS strip 
is one half of the intercept value, which is determined to be 5 kΩ. We can also get the sheet 




the orders of magnitude suggest that the interfacial contact resistance is low enough to support 
electrostatic actuation.   
The spring constant of the elastomeric joint for is characterized to be 42.4 N/m using nano-
indentation (TI-950 Triboindenter, Hysitron). The force-displacement curve for angular deflection 
motion of the mirror is measured by probing the tip of nanoindentor around the edge of the mirror, 
which is shown in Figure 1.2.4 (b). Two elastomer joints are tested, one made by pure PDMS and 
the by CB-PDMS for the sake of comparison. It is well known that the inclusion of CB particles 
can enhance the elastic modulus of elastomer. Surprising, the stiffness of CB-PDMS composite 
universal joint is only slightly larger compared to the pure PDMS one. This result can be explained 
by the non-uniform distribution of carbon black particles in the PDMS matrix. After the carbon 
black deposition process, it can be seen from microscopic inspection that the carbon black particles 
did not fill the trench completely. It is reasonable to assume that the carbon black particles reside 
on the mold only at the surface level, therefore only at the surface level of PDMS joint after 
molding. Therefore, the CB-PDMS joints exhibit high electrical conductivity as part of its surface 
property whereas the mechanical behavior is still a bulk property which is similar to pure PDMS. 
In general, this is favorable because we can obtain reliable electrical interconnection without 





Figure 1.7: Characterization of the spring constant (a) of the conductive elastomeric (CB-PDMS) 





CHAPTER 2. ELASTOMERIC RESPONSIVE SURFACES 
2.1 Mechanically Responsive Surface 
2.1.1 Mechanics of Corrugation 
This chapter is based on a previously published work on  a mechanically responsive surface 
with the function of tunable corrugation formation [47], which can be further used for many 
applications such as acoustic metamaterials [48].   
The formation of surface corrugation (or wrinkling) is a phenomenon commonly 
manifested in daily life, such as the wrinkles on the human skin under compression. Inspired by 
such examples, engineered soft materials with tunable surface topography, especially wavy 
geometry, have led to a wide range of applications such as responsive surface with tunable dry 
adhesion [49]–[57], and wettability [58]–[80], novel electronic devices [81]–[83], diffraction 
gratings [84], [85], micro lenses and tunable metamaterials [86].  
Up to date, the most well-established mechanism to generate controlled surface corrugation 
is to utilize the buckling phenomenon, usually generated by compressive stress of a thin film. Yang 
et al. reviewed the two common routes to intentionally introduce buckling on the surface of an 
elastomeric material by 1) swelling a confined substrate and by 2) pre-straining the substrate of a 
bilayer system [86]. In the first case, a polymer substrate is initially confined on a rigid substrate 
and subsequently swelled by a solvent. The volumetric expansion of the surface causes a 
compressive stress since the substrate is fixed. Therefore, wrinkling surface pattern can be formed. 
In the second case, a thin and hard coating is applied on a pre-strained soft substrate. Compressive 




In both cases, the outmost surface of the specimens under compressive strain such that buckling 
occurs and wrinkling patterns are formed as a result.  
 
Figure 2.1:  Illustration of a responsive surface at 0% stretch state and 20% stretching state (a). 
The green arrow in shows the direction of applied uniaxial tension. (b) Annotation of design 
parameters.  
In this chapter, we focus on an alternative approach to mechanically induce corrugation 
through tension instead of compression. The idea of tension induced corrugation was first proposed 
and numerically investigate by Chen et al. [87].  Basically, a two-phase material with both hard 
inclusions and a soft matrix is loaded by externally applied concentric tension. It is found that by 
careful design of the inclusion pattern, it is possible to induce corrugation along the out-of-plane 
direction which is normal to the stretch direction.  
 The geometry and working principle of a specimen composed of an elastomeric substrate 
and hard ribbons are shown schematically in Figure 2.1. Following the convention of coordinate 
axes defined in Figure 2.1, y-axis is the loading direction along which stretching is applied. To 
induce a uniform strain throughout the entire active region at the center and minimize the effect of 




2.1) such that the two ends which are clamped during stretching are wider than the midsection. 
The central region of the dog-bone shaped specimen is narrow, with an area of 1×1 cm2. To 
generate out-of-plane corrugation along z-axis, thin ribbons are placed on the surface of an 
elastomeric substrate, oriented in such a way that their long edges are parallel to the x-axis. These 
ribbons are arrayed in a staggered manner, i.e., the first ribbon is located on the top surface of the 
elastomeric substrate, whereas the second ribbon sits on the bottom surface with proper in-plane 
spacing to the first ribbon. The third ribbon is again located on the top surface whereas the fourth 
one sits on the bottom surface, etc. To accommodate Poisson’s effect induced by the stretching 
along y-direction, each ribbon is broken into a discretized 1D array of square-shaped platelets with 
a lateral size of 500 μm which are separated by 5 μm gap along the x-direction. Other geometric 
parameters used in this study are given in Table 2.1. Invariant design parameters include the 
thickness of the substrate (h = 200 μm) and the thickness of ribbons (t = 3 μm). 
Note that the wavelength of the corrugation is directly related to the period of the ribbon, 
i.e., at 0% stretch state the wavelength is 2(L+s). In order to make a fair comparison over the 
amplitude of corrugation, the period of the ribbon 2(L+s) is fixed at 1.3 mm.  Only the ratio 
between ribbon spacing/length (s/L) along y-direction is varied between different samples for 
comparison (Table 1.1.1).  
Material-wise, polydimethylsiloxane (PDMS) and single crystal silicon are chosen for the 
elastomeric substrate and hard ribbons, respectively. The extremely large elastic moduli ratio 
between the two materials ( ~ 105) helps to maximize the corrugation amplitude [87]. To 
investigate the effect of this stiffness ratio on the amplitude of corrugation, PDMS with different 
mixing ratios (3:1, 10:1, 15:1), which give different elastic modulus (Table 2.1.1) is used since 














Young’s modulus (kPa) 
Silicon 150/500 PDMS 10:1 750 
Silicon 250/400 PDMS 10:1 750 
Silicon 350/300 PDMS 10:1 750 
Silicon 150/500 PDMS 3:1 868 
Silicon 150/500 PDMS 15:1 360 
 
The development of corrugation is best explained by the transformation theory of 
composites. Figure 2.2 shows the cross-section of a homogeneous and heterogamous film under 
a stretch free state. The center line and neutral axis are obtained by transformation rule and their 
locations are illustrated in Figure 2.1.2. Both homogeneous and heterogeneous films are illustrated 
here with identical thickness since the thickness of a silicon ribbon is only 1.5% of the PDMS and 
is considered as negligible. For the portion with pure PDMS, the neutral axis coincides with the 
center of an area of the PDMS section. For the part where silicon is attached to PDMS, the neutral 
axis is computed as the center of area of the transformed section (i.e. the equivalent homogenized 
section where the silicon area is transformed into an equivalent PDMS area). The distance between 
the position of the neutral axis and the center line is then given by equation 2.1.1, where t is the 
thickness of the silicon, h is the thickness of the PDMS.  
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Since the material modulus contrast r, define as ESi/EPDMS, is very large (~10
5), the axis is 
almost coincident with the center line of silicon ink, at a distance of (h+t)/2 from center of the 
PDMS section.  
 
Figure 2.2: Location of center lines and neutral axes of homogeneous and heterogeneous film. In 
the homogeneous case, the neutral axis coincides with the neutral axis.  
2.1.2 Experimental Methods 
The specimens are fabricated based on transfer printing. The procedure is divided into three 
parts: preparation of donor substrates with silicon inks, preparation of dog-bone shaped PDMS 
substrate as receiving substrate, and transfer printing of 1D array of silicon inks onto a PDMS 
substrate with staggered arrangement. A donor substrate which contains silicon inks is made using 
standard microfabrication which is described as follows. First, one starts with a silicon-on-
insulator wafer (SOI wafer, Ultrasil Corporation, USA) with 3-μm-thick device layer (i.e., top 
silicon layer of a SOI wafer) and 1.1-μm-thick buried oxide (BOX) layer. The device layer is 
patterned into the shape of inks which form ribbons by photolithography followed by deep 
reactive-ion etching (DRIE) until BOX layer is exposed. The exposed BOX layer is removed by 




Spin coating of photoresist and flood exposure result in a rim of photoresist anchor which sits 
underneath the rim of each silicon ink. Immersing the donor into 49% HF for 8 hours to remove 
the BOX layer completes the preparation of a silicon donor substrate. Each silicon ink of a ribbon 
is now suspended while still weakly tethered to the handle layer by the photoresist anchor. Each 
composite specimen needs two donor substrates which provide the silicon ribbons on both side of 
the specimen.  
The PDMS substrate is manufactured by a modified elastomer molding process. A 200-
μm-deep mold with a dog-bone shaped trench is made using a SOI wafer with 200-μm-thick device 
layer by photolithography and DRIE. The mold is then treated with trichloro-(1H, 1H, 2H, 2H-
perfluorooctyl) silane (Sigma-Aldrich, USA) under vacuum for 1 hour to produce a non-stick 
monolayer on the silicon surface. PDMS base and curing agent (Sylgard 184, Dow Corning, USA) 
are mixed and degassed in vacuum for 1 hour before casting onto the mold. The mold, covered by 
PDMS precursor, is scraped by a razor blade to remove the excessive PDMS on the surface such 
that precursor can only stay inside the trench. The PDMS is then partially cured by heating up the 
mold on a 60°C hotplate for 30 min before the PDMS substrate is peeled from the mold.  
 




Figure 2.3 (cont.): first silicon donor substrate is shown at separation state. (B) Contact is made 
between the PDMS film and silicon inks. (C) Rapid retrieval of the PDMS film delaminate the 
silicon inks from the first donor substrate such that the PDMS film is inked on one side. (D) The 
inked PDMS film is flipped over and delivered atop the second silicon donor substrate. (E) Contact 
is made between the non-inked side of PDMS film and the second silicon donor substrate with 
proper alignment. (F) Rapid retrieval of the PDMS film delaminates the silicon inks from the 
second donor substrate. The PDMS film is then inked on both sides, with proper in-plane spacing 
between the top and bottom silicon inks.  
Once silicon inks and PDMS substrates are prepared, transfer printing processes are 
performed to incorporate the silicon inks onto the PDMS substrate, as shown in Figure 2.3. The 
partially cured PDMS substrate acts as a stamp during the whole transfer printing process. To 
integrate the first array of silicon inks, conformal contact is made between the first silicon donor 
substrate and the PDMS substrate. Fast retrieval of the PDMS substrate results in the delamination 
of silicon inks from their donor substrate.  The inked PDMS substrate is then flipped over and 
delivered to the second donor substrate. Contact is made between the non-inked side of the PDMS 
substrate and the second donor substrate with proper alignment. The PDMS substrate is rapidly 
retrieved and the second array of silicon inks is grabbed off the donor substrate, similar to the first 
transfer printing. For simple and accurate alignment between the top and bottom silicon pattern, 
two types of ink layout are made corresponding to the first and second silicon patterns, which 
eventually correspond to the top and bottom silicon inks on the final composite film. Both types 
of donor substrate contain an array of silicon inks for corrugation formation as well as two 
alignment inks for alignment purpose. The two types have identical silicon arrays but the location 
of alignment inks on the second donor is shifted by a distance of (L+s) along y-direction. Therefore, 




is achieved if the alignment inks on the second donor substrate is aligned to the alignment inks on 
the PDMS film which are picked up earlier during the first transfer printing. After the transfer 
printing processes, the responsive surface is annealed inside a 70°C convection oven for 10 hours 
to fully cure the PDMS film, which is only partially cured before the transfer printing. During this 
annealing process, covalent bonding is formed between silicon and PDMS as a result of the 
hydroxyl condensation reaction [17]. The strong bonding between the silicon inks and PDMS film 
is important to ensure that no interfacial delamination occurs during stretching. The optical and 
scanning electron microscopy (SEM) images of a fabricated specimen are shown in Figure 2.4.  
 
Figure 2.4: Images of a fabricated specimen. (A) Photograph of a dogbone shaped specimen for 
stretching test. Scale bar represents 1 cm. (B) Scanning electron microscopy (SEM) image of the 
specimen surface. The dashed lines show the position of inks on the back side. Scale bar represents 
200 µm. (C) Magnified SEM image. Scale bar represents 100 µm. (D) Further magnified SEM 
image showing the contact between silicon inks and PDMS. Scale bar represents 5 µm. 
The corrugation profile of the fabricated specimens is characterized in situ using a custom 
made mechanical stage and optical profiling (Figure 2.5). To maintain the stretch-free state of 
specimens during handling, all specimens are attached to a plastic sheet before they are mounted 
on the stretcher. The inset of Figure 2.5a shows a specimen at a stretch free state. For qualitative 
observation of corrugation, the sample is stretched under the objective lens of an optical 
microscope. For quantitative measurement of corrugation amplitude and wavelength, an optical 




is a vertical scanning interferometer using white light source. The incoming white light is divided 
into two beams by a beam splitter, one is sent to the corrugated sample surface and the other to a 
reference mirror. When the reflected light from these two surfaces recombines, an interference 
pattern (fringing pattern) forms onto the detector. Maximum contrast of fringes is achieved at the 
location where the sample height overlaps with the focal plane of the instruments. Figure 2.5b-
Figure 2.5e demonstrate how the fringes evolve as the focal plane moves.  During profiling, the 
reference mirror is scanned vertically such that each point on the sample surface passes through 
the focus. Figure 2.5d and Figure 2.5e illustrate how the focal plane is scanned from the crest to 
the trough of the corrugated specimen.  
 
Figure 2.5: Setups for corrugation characterization. (A) A custom-built mechanical stretcher with 
a mounted specimen. (B–E) Optical profiling for noncontact 3D surface topography measurements 
using white light interferometry. (B) Interference fringes when the profiler focuses on the 
corrugation crest of the sample. (C) Interference fringes when the profiler focuses on the 
corrugation trough of the sample. (D, E) Side view illustration of the focal plane position 




2.1.3 Results and Discussion 
Figure 2.6 shows the optical microscopic images of the soft composite film under 
stretching. Up to 20% stretching is applied continuously to the sample and the image 
corresponding to 0% and 20% stretching is shown in Figure 2.6a. Corrugation can be qualitatively 
observed by comparing the contrast of the two images. Under 0% stretching, both the top and 
bottom silicon appear to be flat since their color is almost uniform. The bottom silicon is darker 
than the top silicon due to light scattering from PDMS layer. As 20% stretching is applied, a 
darkness gradient across the silicon along the loading axis can be easily observed. This can be 
attributed to the curvature of the silicon ribbons, generated by the bending moment. The central 
part of the silicon appears to be brighter because this region remains to be relatively flat so the 
incident light can still be reflected to the camera. However, close to the edge of silicon ribbons, 
the slope becomes larger such that the incident light starts to get deflected, leading to a darker 
color. Another observation is that the bottom silicon ink starts to come into the depth of focus as 
stretching is applied. This observation further confirms the corrugation formation upon stretching. 
The corrugation pattern is also quantitatively measured in situ by an optical profiler, and the results 
are shown in Figure 2.6b and Figure 2.6c. After the vertical scan through the sample surface, the 
surface contour is obtained with the results shown Figure 2.6b. Each fringe on the contour 
represents a certain height, therefore the density of fringes indicates the slope around that area. 
Moreover, the 3D topography is reconstructed, shown in Figure 2.6c. A periodic corrugation 




     
       
     
Figure 2.6: Experimental results. (a) Optical microscopic images of a specimen. A color gradient 
appears on both the top and bottom silicon inks under 20% elongation stretching which indicates 
the corrugated surface profile. In addition, the bottom silicon inks come into focus as a result of 
corrugation. (b) Optical profiler measurement results a specimen under 0% and 2.5% stretching. 
Different fringes represent different height along out-of-plane axis and their density indicates the 
slope. (c) Reconstructed 3D surface profile from the measured height data. 
Experimentally measured corrugation amplitude as a function of applied elongation is 
shown in Figure 2.7. Corrugation amplitude is measured as the vertical distance between the crest 




various parameters as listed in Table 2.1 also tested and the results are summarized in 2.7. From 
Figure 2.7(a), it can be seen that the corrugation amplitude is not quite sensitive to the modulus 
change of PDMS film. The effect of spacing is also investigated by maintaining the period of 
corrugation and changing the normalized spacing, i.e., spacing/length ratio (s/L), from 0.3 to 1.2. 
As the normalized spacing (s/L) increases, the corrugation amplitude decreases. The curves in  
To study the corrugation formation behavior numerically, we use the commercial finite 
element software ABAQUS. We consider the mid cross section of the thin film, i.e. y-z plane, and 
model it as a 2D elastic continuum. A full 3D model will be computationally prohibitive and thus 
we consider the two limiting cases of plane strain (PE) and plane stress (PS). The PDMS is 
modelled as a Neo-Hookean hyperelastic material and its material properties (e.g. initial Young’s 
modulus and Poisson’s ratio) [88]–[90] are taken as per the experimental measurements. Silicon 
is modelled as linear elastic material. Perfect bonding is assumed at the PDMS/silicon interface. 
Eight node biquadratic finite elements (Q8) is used throughout entire domain. Under the same 
geometric and material parameters, the plane stress model predicts a larger corrugation amplitude 
compared to the plane strain model. Compared to the experimental results, the numerical model 
reproduce, qualitatively and to some extent quantitatively (e.g. red and blue curves in Figure 2.7b), 
the same pattern of corrugation development as seen experimentally. For example, both the 
computational and experimental results reveal that the corrugation increase rapidly under small 





Figure 2.7: Corrugation development as a function of elongation for samples with different PDMS 
mixing ratio (a) and different normalized spacing (b). Hollow circles represent experimentally 
measured results, whereas solid and dashed curves represent numerical models under plane strain 
(PE) and plane stress (PS) assumptions, respectively. Graphs on right show the numerical results 
for the strain fields as well as deformed shape of the films under 2.5%, 10% and 20% of elongation. 
The graphs next to plot (a) correspond to 500 µm silicon ribbon, whereas those next to (b) 
correspond to 300 µm silicon ribbon. 
Key design parameters, such as the silicon/PDMS modulus contrast (Esi/EPDMS) and 
normalized spacing between silicon ribbons (s/L) affect the corrugation amplitude, as shown by 




numerically investigated and the results are presented as a contour plot (Figure 2.8). The dots in 
the plot correspond to combination between Esi/EPDMS and s studied in the experiments.  
Effect of spacing between silicon ribbons: Numerical simulation for specimens with 
different normalized spacing s/L is conducted. To be consistent with the experimental procedure, 
the sum of the silicon length and the silicon spacing, i.e., (s+L), is set as a constant. Therefore, the 
wavelength of corrugation remains to be the same as the spacing varies. It is found from the 
numerical study that increasing the spacing leads to a decreased corrugation amplitude (Figure 
2.8). This may be explained as follows. As the spacing increases, the length of the silicon ink 
decreases. Since the ink thickness is kept constant, a shorter ink possesses a higher bending 
stiffness (
3L ). Thus, the ink resists bending deformations more as it gets shorter and prevent 
further development of corrugation a. 
Effect of material modulus contrast: Previous numerical study [87] predicts a positive 
correlation between the material modulus contrast and the corrugation amplitude. However, it is 
experimentally observed that varying the mixing ratio of PDMS (thus the modulus of PDMS) does 
not affect the corrugation amplitude significantly. This is due to the fact that the contrast of 
modulus between silicon and PDMS remains to be quite high (~105) regardless of the mixing ratio 
of PDMS. Nevertheless, numerical analysis conducted to investigate the effect of material modulus 
contrast over a wider range (1-106) confirms that positive correlation between corrugation 
amplitude and modulus contrast holds up to a modulus ratio of 104.  Beyond that the effect is 
saturated and might even be slightly reversed eventually, as shown by the almost vertical striation 
of the contours in Fig 9. This phenomenon can be explained as follows. At a lower modulus ratio, 
as the modulus contrast increases the eccentricity of neutral axis is enhanced. However, at a very 




always lie within the silicon ribbons to an excellent approximation. Therefore, the internal 
eccentricity and the resulting bending moment have no room to increase anymore as the material 
modulus contrast increases. However, lower modulus of PDMS allows more deformation of 
PDMS. Thus, an increased portion of the deformation is accommodated through stretching and 
lateral contraction of a PDMS film rather than through increasing its curvature. This causes slightly 
reduction of corrugation amplitude. Nonetheless, the overall corrugation is dominated by the 
eccentricity of neutral axes which saturates under large material modulus contrast, and leads to the 
almost vertical contour lines in Figure 2.8.  
 
Figure 2.8: Contour plot of corrugation (at 20% elongation) as a function of material stiffness 
contrast and normalized silicon spacing (s/L). Dots correspond to the parameters used in 
experiment. 
Discussion: Figure 2.7 shows that the experimental data matches numerical prediction to a 
good extent. Some quantitative errors can be attributed to the imperfections of feature dimensions 
and materials properties generated during the fabrication and testing procedure. For example, the 




printing step, which has a tolerance of about 5 μm. In addition, the actual loading axis may not be 
completely aligned with the y-axis during tension test.  
Perfect bonding between silicon inks and PDMS substrate is assumed in numerical study. 
While no interfacial separation has been observed during the experiments, it is still possible that 
some interfacial deformation may be present. Deviations from perfect bonding may be responsible 
for some discrepancies between the numerical and experimental observations in the limit of large 
elongation especially for the case with low PDMS mixing ratio. Our preliminary work suggests 
that accounting for the interfacial deformations between silicon inks and a PDMS film leads to a 
decrease in the predicted corrugation amplitude and thus brings the numerical calculations closer 
to the experimental measurements in the case with low PDMS mixing ratio. More rigorous work 
should account for the interfacial response by modeling an interfacial region between silicon and 
PDMS.  
2D modeling (plane strain or plane stress conditions) are assumed in the numerical model. 
Consequently, effect associated with x-direction such as the Poisson effects due to the x-axis 
compression during y-axis stretching cannot be captured by the numerical model. Also, small gaps 
between individual silicon inks in each 1D array along x-direction which makes the scenario more 
complicated. A 3D model is needed capturing these effects, which will require more than a billion 
elements. Innovations in non-conforming meshes or adaptive mesh refinement are required to 




2.2 Magnetically Responsive Surface 
2.2.1 Design Concept 
This chapters described a magnetically responsive surface, which is published elsewhere 
previously [91]. This work is partly inspired by natural creature such as snake skin and butterfly 
wings, which have micro/nanostructured surfaces with unique fluidic or optical properties. Prior 
works on such responsive surfaces have yield new materials with a wide range of controllable 
functions such as adhesion [92], wettability [93], transparency [94] and structural coloration [95] 
in responsive to external stimuli are appealing for both fundamental research and practical 
applications.  
Stimuli responsive surfaces relies on active materials that translate external mechanical, 
thermal, chemical, or magnetic stimuli into controlled motion. Compared to other options, 
magnetically responsive materials, such as soft elastomers loaded with magnetic particles, have 
been shown to be particularly desired for real-time manipulation of fluid, light, solid particles and 
living cells. This is largely because of the instantaneous response of magnetically actuated material 
and the remote and non-destructive nature of the magnetic field.  
Up to date, most of the previously reported magnetically responsive surfaces are fabricated 
by methods such as replica molding and self-assembly, meaning that the accessible geometries are 
inevitably limited to relatively simple ones such as pillars, cones, and ridges [55], [96]–[99]. 
Moreover, those surfaces typically consist of actuation and functional parts made of the same 
material. Therefore, it is very difficult to achieve magnetically responsive surfaces with highly 
efficient actuation schemes as well as optimized surface functions simultaneously. Higher 




hierarchical architectures, and heterogeneous material integration are beyond reach due to the limit 
of existing fabrication approaches. 
Transfer printing method used in this thesis offers a way out of these constraints by 
integrating building blocks of disparate materials into a hybrid material system. As shown in 
Figure 2.9, rigid silicon inks are assembled to soft, ferromagnetic pillars in predesigned manners 
by transfer printing. The functional properties of the responsive surface, such as wettability and 
optical transmission, are dictated completely by the rigid silicon ink and decoupled from the 
underlying pillars.  
 
Figure 2.9: Schematic illustration of the fabrication procedure for magnetically actuating 
responsive surfaces. (b, c, d) Tunable functions of the responsive surfaces including droplet 




Such a layout, with both transfer printed silicon inks and magnetic pillars, offers several 
unique features that are difficult to achieve by magnetic pillars alone. Hierarchical scales with 
well-defined lithographic patterns enable optimized surface properties, such as 
superhydrophobicity or structural coloration, without compromising actuation capabilities which 
originated from the magnetic pillars. Functionalities can also be expanded by introducing a wide 
range of scales such as bare silicon, black silicon, or photonic crystal scales, in both in-plane and 
out-of-plane configurations. While these advantages are achieved, actuation characteristics of 
magnetic micropillars including large tuning range, instantaneous response, and reversible 
deformation are all preserved due to the high-fidelity, non-destructive deterministic assembly 
process. To highlight these features of the presented layout, we build several proof-of-concept 
responsive surfaces and demonstrate their capabilities of fluid and light manipulation including 
directional liquid droplet transport, optical transmission, and structural coloration.  
2.2.2 Fabrication 
The fabrication process of the magnetically responsive surface consists of three main steps: 
1) the creation of a magnetically actuating elastomer micropillar array on a receiving substrate, 2) 
the fabrication of a silicon ink array on a donor substrate, and 3) the integration of the prefabricated 
inks on top of the micropillars by transfer printing.  
First, elastomer micropillars embedded with ferromagnetic nanoparticles with round, flat, 
or mushroom-like tip geometries were fabricated by replica molding (Figure 2.10). Two types of 
templates were fabricated to generate three different micropillar tip geometries. The first type of 
template for round-tip micropillars was fabricated on a silicon wafer (UniversityWafer, Inc.) by 




silicon wafer using deep-reactive-ion-etching (DRIE) which provided a round surface profile at 
the bottom of the microholes (Figure 2.10a). The second type of template for flat-tip micropillars 
was fabricated by patterning a thick layer of photocurable epoxy (150 μm thick, SU8 50, 
MicroChem Corp.) on a silicon wafer, such that the bottom surfaces of microholes had flat 
topography defined by the silicon wafer surface (Figure 2.10b). Both types of templates were 
functionalized by trichlorosilane (Sigma-Aldrich, Inc.) as nonstick coating. Ferromagnetic 
strontium ferrite particles (Hoosier Magnetics, Inc.) were dispersed over the templates and guided 
into the microholes by a neodymium permanent magnet (K&J Magnetics, Inc.). Excess particles 
outside the microholes were removed by swabs. Polydimethylsiloxane (PDMS) prepolymer (10:1 
mixing ratio, Sylgard 184, Dow Corning) was cast on the templates and allowed to infiltrate into 
the microholes to encompass the particles. Next, the templates were placed on a permanent magnet 
such that the magnetic particles can align along the axial direction of the microholes. The template 
was heated in an oven at 60 C for 2 h, after which a PDMS sheet with flat- or round-tip magnetic 
micropillars was peeled off from the template. Mushroom-like micropillars were derived from flat-
tip micropillars by dipping and pressing (Figure 2.10c). First, flat-tip micropillars were dipped 
onto a thin film of PDMS prepolymer (10:1 mixing ratio, spin-coated at 3000 rpm), after which a 
small droplet of prepolymer remained at the flat tip of each pillar. Then, the dipped micropillars 
were pressed onto a flat photoresist layer (AZ5214, 1.5 μm) coated on a silicon wafer and cured 
on a 60 C hotplate for 10 min. Removing the photoresist by acetone released the micropillars 





Figure 2.10: Receiving magnetic micropillar fabrication. (a) Fabrication of round-tip magnetic 
micropillars using a silicon template. (b) Fabrication of flat-tip magnetic micropillars using a SU8 
template. (c) Fabrication of mushroom-tip micropillars through dipping and pressing.  
At the same time, three different types of inks with bare silicon, black silicon, and photonic 
crystal surfaces are fabricated on donor substrates. The bare silicon inks are formed directly on 
polished SOI wafer (Ultrasil Corp.). For black silicon and photonic crystal inks, pre-patterning 
procedures are needed before ink fabrications.  




a SOI wafer by a three-step etching process (Figure 2.11) inside an ICP RIE chamber (Oxford). 
This process starts with a passivation of silicon surface (O2 gas 10 sccm, RF1 120 W, RF2 200 W, 
90 mTorr, 5 min), during which a very thin oxide layer was formed. Next, the oxide layer was 
incompletely etched (CHF3 gas 12 sccm, RF1 300 W, RF2 500 W, 90 mTorr, 2 min) to yield 
randomly scattered oxide islands. These oxide islands were used as hard masks for subsequent 
silicon etching (Cl2 gas 20 sccm, Ar gas 4 sccm, RF1 300 W, RF2 500 W, 90 mTorr, 20 min), after 
which nanoscale conical structures were formed (Figure 2.2.3).  
 
Figure 2.11: Fabrication of a black silicon surface, which include oxidation, oxide incomplete 
etching, and silicon etching steps.  
For photonics crystal inks, a pre-patterning step is needed to obtain periodic nanostructures 
on the top silicon layer of a SOI wafer (Figure 2.12). A layer of 200 nm thick photocurable epoxy 
(SU8 2000.5 from MicroChem Corp.; diluted 4% wt. in cyclopentanone) was spin cast at 2000 
rpm on a SOI wafer and soft baked for 1 min at 65 C and 3 min at 95 C). The SU8 epoxy is then 
molded by a composite stamp with relief structures of high modulus PDMS (Gelest Corp.) and 
handle layer of low modulus PDMS (Sylgard 184, Dow Corning) at 95 C under pressure. Residual 
SU8 layer in the recessed region was removed by RIE (O2 gas 20 sccm, 50W, 35mTorr, 1 min). 
Next, the exposed silicon was etched by RIE (SF6 gas 40 sccm, 100W, 50mTorr, 1 min). The 




10 min. Black silicon and photonic crystal inks were made from SOI wafers (3 μm thick top silicon 
and 1 μm thick buried oxide, from Ultrasil Corp.) and their top silicon layers were preprocessed 
as black silicon and photonic surfaces according to procedures described above. Bare silicon inks 
with emoji features were also made from preprocessed SOI wafers with lithographically patterned 
emoji-shaped trenches.   
 
Figure 2.12: Fabrication of a photonic surface using nanoimprint lithography.  
After the pre-patterning processes (for black silicon and photonic crystal inks), the top 
silicon layers were defined in square layouts (390 μm by 390 μm, square packing arrangement, 
400 μm center-to-center separation) by photoresist patterning and silicon etching, until the buried 
oxide layer is exposed. Immersing the sample in hydrofluoric acid (HF, 49% concentration) for 1 
min fully removed the exposed buried oxide and generated undercut trenches below the periphery 
of the silicon squares. Next, the wafer was coated with a photoresist (AZ5214) during which the 
undercut trenches were filled with the photoresist. Flood UV exposure and immersion in developer 




silicon inks were released by immersing in HF for 12 h during which the remaining oxide 
underneath the top silicon was completely removed. After HF etching, the photoresist under the 
periphery of top silicon inks tethered the inks to the hand layer of the SOI wafer. Figure 2.13 
provides a schematic illustration of the procedures. 
 
Figure 2.13: Fabrication of suspended silicon inks.  
The assembly of prefabricated inks onto the magnetic micropillars is realized through 
transfer printing. An elastomeric stamp of 2.5 mm by 2.5 mm square post with a pyramidal tip 
array (8.1 μm tall with 12 by 12 μm square base, 36 μm center-to-center separation) was formed 
by molding PDMS (Dow Corning, Sylgard 184) on a template composed of a Si wafer with KOH 
etched pyramidal pits and a SU8 (100 μm thick, SU8 50, MicroChem Corp.) layer with a square 
opening. During the transfer printing, the position of the stamp was controlled by precision 
translation and rotational stages. The elastomer micropillars were activated by plasma (O2 gas 20 
sccm, 50W, 100 mTorr, 20 sec) right before the transfer printing. Bare silicon, black silicon, or 
photonic silicon inks, fabricated by previously described processes, were retrieved by a stamp and 




bare silicon inks. The resulting elastomer-silicon surface were annealed at 60 °C to yield a strong 
bonding through hydroxyl condensation reaction between PDMS and silicon. Figure 2.14 
provides a schematic illustration of the transfer printing procedure. As depicted in Figure 2.14, 
inks are retrieved from a donor substrate and transferred onto the tip of micropillars using an 
elastomeric stamp with pyramidal microtips. The soft, elastomeric stamp is first pressed against a 
rigid silicon ink under high preload such that microtips are collapsed and nearly full-area contact 
is established. Rapid peeling of the stamp fractures the photoresist anchor, while the ink intimately 
adheres to the stamp. Next, the collapsed microtips pop back to their original pyramidal shape as 
the preload is released, delaminating the ink from the stamp everywhere except for the apexes of 
the microtips. This reversible change between microtip collapse and relaxation conditions 
effectively switches the adhesion of the stamp between strong and weak states. Next, the retrieved 
ink is gently contacted with a micropillar and then the stamp is retracted slowly such that the ink 
is printed on the micropillar. Here, the contact is made between an ink and the tips of a micropillar, 
and the corresponding contact area is about 50 times smaller than the ink. Therefore, the microtip 
design, which has ON-OFF ratio of ~ 1000, is crucial in this assembly since an extremely low 
adhesion state is required for effective releasing of the ink onto a small micropillar area. To 
enhance the bonding between inks and micropillars, oxygen plasma treatment done towards both 
the silicon and the micropillar right before printing. A 6 × 6 array of 36 inks (i.e., 6 by 6 array in 
square arrangement) is transfer printed per each time to cover approximately 2.5 mm by 2.5 mm 
area as a small building unit. Large-area surface can be formed from these small building units by 
repetitive transfer printing in a sequential manner. Bonding between the silicon inks and the 
elastomer micropillar is obtained through surface hydroxyl condensation reaction between silicon 






Figure 2.14: (a) Experimental setup for transfer printing an array of silicon inks. The relative 
position of the stamp and a receiving substrate is controlled by precision stage and optical systems. 
(b) Schematic illustration of transfer printing.  
Small modification of the fabrication procedure enables a facile way to control the 3D 
configuration of the assembled structures without additional sophisticated fabrication techniques. 
Depending on the tip geometry of micropillars and the degree of shearing during printing, inks can 




Effect of Tip Geometry: the effect of three types of micropillars terminating in round, flat, 
and mushroom-like tips are investigated. The round tip triggers the out-of-plane configuration, as 
an ink can easily rotate along the curved surface of the tip and attach to the side wall of a 
micropillar during printing. In contrast, mushroom-like tips prevent inks from rotating and enable 
the in-plane configuration. The flat tip micropillars can cause a stochastic distribution of in-plane 
and out-of-plane configuration.  
Effect of Shear Loading: Shear loading during printing also has an effect on the final 
configuration. It is observed that pure normal loading during printing is beneficial for in-plane 
configuration, where shear loading promotes out-of-plane configuration. Shear loading along a 
certain direction, coupled with asymmetric pillar cross section (i.e., rectangular pillar) along the 
direction, promote the out-of-plane configuration and offer a control over the orientation of finally 
printed inks.  
The results of various conditions are summarized in Figure 2.15c as a “phase diagram”, 
showing that both in-plane and out-of-plane configurations can be consistently achieved by 
adopting proper loading and geometric parameters. To highlight the 3D configuration controlled 
by these approaches, demonstrative structures that resemble trees (Figure 2.15d) and emoji faces 






Figure 2.15: (a, b) Schematic illustration of the effect of shear loading. (c) Optical microscopic 
images (top view) showing the results of the assembly as a function of the tip geometry of each 
micropillar and shear load during transfer printing. Left column illustrates three different 
micropillar side shapes and insets show the tip geometry (top view) of micropillars in each case. 
The scale bar represents 400 μm. (d, e) SEM images showing demonstrative 3D structures formed 
by the guided deterministic assembly, including trees (d) and emoji faces (e). Scale bars represents 
100 μm.   
2.2.3 Characterization 
In this section, we focus on the magneto-mechanical characterization of the micropillar 
arrays. The deflection of micropillars, as a function of applied magnetic field, is characterized by 
actuating a responsive surface using a 2.5  2.5  1.25 cm neodymium permanent magnet (K&J 
Magnetics). The magnetic field strength experienced by the micropillars are calculated using an 




magnet. The deflection of a micropillar is defined as the angle between the initial axial direction 
of micropillar and the direction of a tip when it is deflected. Quantitative measurement is done by 
obtaining and analyzing the side view images of a micropillar, as shown in Figure 2.16b.  
The resultant deflection of a micropillar, as a function of both the magnitude and 
orientation of the magnetic field, is plotted in Figure 2.16c and Figure 2.16d.  Figure 2.16c depicts 
the deflection versus the magnitude of an orthogonal magnetic field (α = 90°). As expected, the 
higher the magnetic field, the larger the deflection. Figure 2.16d depicts the deflection of a 
micropillar as a function of the magnetic field orientation is measured under a fixed magnetic field 
strength. Maximal deflection is observed when the direction of an external magnetic field is nearly 
orthogonal to the micropillar (α = 90°).  
 
 
Figure 2.16: Magneto-mechanical characteristics of micropillars. (a, b) Optical microscopic 
images showing the top view of silicon inks (a) and the side view of a micropillar (b) with (right) 




Figure 2.16 (cont.): ferromagnetic particles near the surface of a micropillar. (c, d) Mechanical 
deflection of micropillars as a function of an applied magnetic field strength (c) and orientation 
(d).  
The observed magneto-mechanical characteristics of micropillars are modeled to 
approximate the correlation between an applied magnetic field and the resulting deflection angle. 
According to previous reports elsewhere [55], a micropillar maybe simply considered as a rigid, 
magnetic rod with an elastic torsion spring at its base. An analytical model is built by considering 
the equilibrium of an elastic restoring torque (Te) and a magnetic field torque (Tm) exerted on the 
micropillar.  
The elastic torque experienced by a micropillar Te is linearly dependent on the deflection 
angle  by expression: 
e eqT K              (2.2.1) 
where Keq is the equivalent torsion spring constant, determined by the elastic modulus of 





       (2.2.2) 
where c is a correction coefficient. 
On the other hand, a magnetic material (such as a PDMS matrix including strontium ferrite 
particles) tends to rotate itself to align with the external magnetic field. A torque is exerted to the 
pillar in this process, expressed as:   
𝑇𝑚 = 𝑚 × 𝐵         (2.2.3) 
where m is the magnetic dipole moment of the magnetic material and B is the external magnetic 




 sinmT mB          (2.2.4) 
where (α-θ) indicates the angle between the tilted micropillar and the applied magnetic field at the 
tip of the tilted micropillar. Magnetic dipole moment for a permanent magnet is obtained by the 
residual flux density of strontium ferrite (
rB  ~ 0.2 T) according to equation (2.2.5)  
0
1
m r mm MV B V

       (2.2.5) 
where M is the magnetization of a magnetic material and 0 is the vacuum permeability. The 
magnetic volume Vm is the volume of particles inside the magnetic micropillar, which can be 
associated with the weight ratio by:  
magnet magnet magnet
weight
PDMS magnet PDMS PDMS magnet magnet
m V
f





                  (2.2.6) 
where fweight can be estimated by energy-dispersion X-ray spectroscopy (Figure 2.17 and Table 
2.2).  
In equilibrium, elastic restoring torque balance with the magnetic field torque: 
m eT T       (2.2.7) 





          (2.2.8) 
where Vm is the total volume of a magnetic material in a micropillar, M is the magnetization of the 
magnetic material, B is the external magnetic field strength, Keq is the equivalent torsion spring 
constant of a micropillar, α is the angle of magnetic field defined with respect to the original axial 




Equation 2.2.8 is solved numerically using MATLAB since it is a transcendental function. 
The resulting curve is plotted as the dash lines in Figure 2.16c and 2.16d, showing good agreement 
with experimental data. More sophisticated modeling can be down by accounting the nonlinear 
geometries and constitutive relations of micropillars, which is out of the scope of this thesis. 
Table 2.2. Relative elemental composition of micropillars. 
Element Atomic ratio (%) Weight ratio (%) 
Fe 15.9 35.5 
Sr 1.90 6.67 
Si 23.7 26.6 
C 38.7 18.6 
O 19.9 12.7 
 




2.2.4 Applications: Droplet Manipulation 
The first part of the application is to demonstrate droplet manipulation using the responsive 
surface with black silicon inks printed on magnetic micropillars in in-plane configuration. The ink 
surface which interact with fluid, acts as a discrete black silicon surface array that change their 
orientations in response to a magnetic field. Such a responsive surface, which involves a two-level 
hierarchical architecture with microscale overhanging inks and nanostructure on those (Figure 
2.18), exhibits several unique features. First, a re-entrant shape is formed by printing inks on top 
of micropillars, since the area of an ink (390 μm by 390 μm) is much larger than the tip of a 
micropillar (40 μm by 80 μm). Thus, a droplet is more stably suspended on the responsive surface 
than other surfaces which are simply covered by micropillars, because the recesses (i.e., air 
pockets) under the overhang of inks effectively prevent a droplet from wetting the sidewall of 
micropillars. Second, a black silicon ink is both superhydrophobic and highly slippery due to the 
conical nanostructures of black silicon and the hydrophobic monolayer 
(perfluorodecyltrichlorosilane, or FDTS) coating (Figure 2.18e). Compare to bare silicon, the 
black silicon surface exhibit apparent contact angle (water droplet) over 170. More importantly, 
a water droplet easily rolls off when the surface is tilted by only 5. Therefore, the mobility of 
droplets on the responsive surface with black silicon inks is extremely high which enables easy 
transportation of droplets. Third, the orientation of black silicon inks is switched between 
symmetric (Figure 2.18a) and asymmetric (Figure 2.18b) configurations by an external magnetic 
field in real-time. Without a magnetic field, the micropillars stay in upright position and the inks 
align horizontally. This state, termed as the flat state hereafter, leads to the nondirectional wetting 




formation of ratchet-like surface due to the deflection of micropillars (Figure 2.18b). In this state, 
termed as the ratchet state hereafter, the surface exhibits the directional wettability since all inks 
are tilted.  
Utilizing these unique properties, fluid manipulation demonstrations, such as directional 
liquid spreading, droplet self-propulsion (rolling off), and droplet trapping, are demonstrated on 
the responsive surface with black silicon inks.  
Droplet directional spreading: Figure 2.18c demonstrate dynamic switching between 
directional and nondirectional liquid spreading. A deionized (DI) water droplet is placed on the 
responsive surface and its volume is increased from initial volume of 5 µL up to 50 µL with a rate 
of 2 µL/s. On the flat state surface, a droplet tends to spread symmetrically as its volume increases 
(Figure 2.18c, left column) while on the ratchet state surface, a droplet always spreads 
preferentially to the right (Figure 2.18c, right column). This clearly indicates the asymmetric 
wettability of the responsive surface in the ratchet state.  
Droplet self-propelling: As a control experiment, a 15 µL DI water droplet is dispensed on 
the flat state surface. The droplet stays stationary due to the lack of driving force (Figure 2.18d, 
left column). Next, another droplet is gently dispensed on the ratchet state surface (with magnetic 
field). Once released in midair, the droplet first contacts the black silicon inks, then quickly 
accelerates and moves to the right (Figure 2.18d, right column). The initial kinetic energy is 
important, as release the droplet after contacting the black silicon inks will not result in self-
propelling. The maximum distance of the droplet without any external force is not measured due 
to the limitation of sample size. But it is reasonable to assume that the droplet will eventually slow 




Droplet trapping: Further experiments demonstrate that a droplet is also trapped to a 
designated location where the ratchet forms a symmetric deflection pattern. As shown in Figure 
2.19, a droplet dispensed on the left side of the surface initially self-propels to the right, slows 
down, goes back to the left and eventually stays on the equilibrium location.  
The driving force to self-propel a droplet is modelled by accounting the Laplace pressure 
difference experienced by a droplet. As depicted in Figure 2.18a, a droplet sitting on the flat state 
surface exhibits the same apparent contact angle denoted by θ* on both sides. However, in the 
ratchet state where inks are tilted with a small angle denoted by ∆θ (Figure 2.18a), the contact 
angles at the left and right sides of a droplet become (θ* + ∆θ) and (θ* - ∆θ), respectively. Therefore, 
a net driving force (Fd) is exerted on the droplet to the right due to the Laplace pressure difference 
in between, which is expressed in the below relationship.  
   * *cos cosdF R                 (2.2.9) 
where R and γ are the radius and the surface tension of a droplet, respectively. Note that the tilting 
angle of inks (∆θ) must intentionally be set to small value (<10°) such that the contact angle at the 
left side (θ* + ∆θ) remains less than 180°. 
The droplet manipulation capability of magnetically response surface is compared with 
ratchet surfaces with Leidenfrost effect. As presented in Figure 2.18f, a water droplet on the ratchet 
state surface is quickly accelerated to a terminal velocity of 2 cm/s within 0.1 s due to the presence 
of the driving force. A similar high-speed self-propelling droplet has been observed on a 
Leidenfrost ratchet, which refers to a ratchet-like surface heated above the liquid’s boiling point 
[100]. A droplet is extremely mobile on a heated Leidenfrost ratchet owing to the formation of an 




magnetically responsive surface here does not require heating to create a vapor layer, as a droplet 
can be suspended by the sharp conical nanostructures on black silicon inks. Since the solid area in 
contact with a droplet is extremely small, a droplet is highly mobile even without heating. 
Accordingly, the life time of a self-propelling droplet is extended and even temperature-sensitive 
liquids such as biological reagents may self-propel on it.  
The results here altogether show that a droplet remotely and instantaneously manipulated 
by an external magnetic field, with the absence of any adverse effects caused by thermal stimuli. 
Therefore, the responsive surface with black silicon inks has the potentials to serve as a liquid 







Figure 2.18: Demonstrative fluid manipulation. (a, b) Schematic illustration showing the contact 
angle of a droplet on the responsive surface with (b) and without (a) external magnetic fields. (c, 
d) Directional spreading (c) and self-propulsion (d) of water droplets on the responsive surface in 
response to external magnetic fields. (e) The optical microscopic image of the responsive surface 
with black silicon inks, along with a SEM image showing nanostructures of the inks. Insets of the 
SEM image show the comparison of droplet contact angles between bare silicon (left) and black 





Figure 2.19: Demonstrative droplet trapping. A magnetic field is applied such that the responsive 




2.2.5 Applications: Light Manipulation 
As a second application, tunable optical properties, such as transmittance and structural 
coloration, of the responsive surfaces are demonstrated.  
Tunable optical transmission: a responsive surface with tunable optical transmission is 
constructed by assembling bare silicon inks on magnetic micropillars in out-of-plane configuration 
(Figure 2.20). The silicon inks act as microscale shutters that prevent light from passing through 
the PDMS surface. Without a magnetic field, all the inks stay in upright position. The surface 
appears to be almost transparent, since an orthogonal incident light transmits directly through the 
transparent PDMS regions between micropillars (Figure 2.20a). When an external magnetic field 
causes the micropillars to bend, hence inks to tilt. As a result, incident light is blocked by the 
silicon ink, resulting in the relatively opaque surface. Representative micrographs in transparent 
and opaque states are shown in Figure 2.20a. 
The uniqueness of this tunable surface lies in its design construct 3D heterogeneous silicon-
elastomer structure. Previous works only surface microstructures such as slender pillars to block 
lights [96].  The responsive surface here consists of micropillars integrated with large area inks, 
which effectively increases the areal fraction of opaque regions on the surface. Therefore, the range 
of transmittance tuning increases greatly. The transmittance of the responsive surface as a function 
of applied magnetic field is experimentally measured. An optical microscope with white light 
beam is used to measure the intensity of transmitted light and the effective optical transmission is 
calculated using image processing software (ImageJ). The normalized optical transmittance is 
continuously tuned between 30% and 90% in response to an external magnetic field. To further 
broaden the light wavelength to block, silicon inks may be coated with a metal layer and then be 




Tunable structural coloration: Another responsive surface with tunable structural 
coloration is similarly constructed by transfer printing photonic crystal inks on magnetic 
micropillars in in-plane configuration. The top surface of photonic crystal inks is patterned with 
periodic cavities with the period of 300 nm, shown in Figure 2.20b. Real-time structural coloration 
switching of the surface is demonstrated in Figure 2.20c. When an external magnetic field 
increases from about 0.1 T to about 0.3 T, the structural color of the surface shifts vividly from 
green to blue and then to purple. During the experiments, both the collimated incident light source 
(a white LED) and the camera are fixed in predefined positions. The red, green, and blue (RGB) 
histograms of given regions on the surface (enclosed by dashed rectangles in the right column of 
Figure 2.20c) are plotted in the left column of Figure 2.20c to quantify the color in each case. As 
expected, the intensity of both red and blue channels increases whereas the intensity of green 
channel decreases as the magnetic field increases, which agrees with the color change sequence 







Figure 2.20: Light manipulation demonstration. (a) Optical transmittance as a function of an 
external magnetic field strength. The optical microscopic images indicate the top view of inks with 
(right) and without (left) a magnetic field. (b) Reflectance of photonic crystal inks as a function of 
a measurement angle (m). The SEM image shows the nanostructure of a photonic crystal ink. (c) 




The observed structural coloration is theoretically explained by adopting classical 
diffraction theory. Figure 2.21 depict a photonic crystal ink acting as a diffraction grating. When 
an incident white light ray (plane wave) strikes the grating, the spectral components are diffracted 
into a series of colorful rays spanned in different angular directions, following the below grating 
equation:  








     (2.2.10) 
where m is the order of a reflected ray (m = 0 being specular reflection, m > 0 being diffuse 
reflection), λ is the wavelength of an incident ray, d is a grating period, θi is the incident angle of 
a ray, and θm is the measurement angle of a reflected ray. θi and θm are defined relatively to a line 
normal to the grating plane as shown in Figure 2.21b. 
The validity of the model for photonic crystal inks are examined experimentally obtained 
reflectance using spectroscopic ellipsometry (Woollam VAS ellipsometer). The grating has a 
period d = 300nm, corresponding to the period of cavities on photonic crystal inks which is 
measured from the scanning electron microscopic (SEM) images (Figure 2.21b). The incident ray 
(θi = 70°) is white light (plane wave) and the reflectance for a given wavelength (λ) is measured 
as a function of θm by sweeping the detector continuously between θm = 10° and θm = 30°. 
Representative curves obtained for λ = 360 nm λ = 400 nm are plotted in Figure 2.21b. Although 
the absolute value of diffuse reflection (m = 1) is substantially smaller than the specular reflection 
(m = 0), it is clear that reflectance maxima exist at θm = 15° and θm = 23° for λ = 360 nm and λ = 
400 nm, respectively. These results agree with theoretical maximal reflectance angles (θm) 





Figure 2.21: The grating model for photonic crystal inks for tunable structural coloration.  
To summarize, the main advantage of the responsive tunable transmittance and structural 
coloration described here are highly reversible and instantaneous, since it completely relies on the 
elastic deformation (i.e., bending) of micropillars instead of any physical or chemical change to 
the materials. High areal coverage (90~95%) of inks is achievable and the surface is fault-tolerant 
since defects on certain pixels do not affect the majority. Such a strategy may be adopted to 
applications such as smart window with tunable transparency, camouflage, interior decoration, and 
displays especially when each ink (pixel) can be controlled individually. 
2.3 Outlook: Responsive Surfaces 
The mechanical responsive surface in chapter 2.1.1 is developed to mainly achieve tunable 
corrugation and elucidate the mechanics of the corrugation generation. For practical applications, 
it can be used for sensing or energy harvesting if functional materials are incorporated, as discussed 
below.  
Piezoelectric Energy Harvesting using Tunable Corrugation: Piezoelectric materials refer 
to the materials that accumulate charges in response to mechanical stress. For example, lead 




structure is deformed by about 0.1% of the original dimension. Unfortunately, most of the 
piezoelectric materials such as PZT are rigid and brittle materials. To utilize piezoelectric materials 
for mechanical energy harvester or strain sensor in large deformation scenario, a composite design 
is required to alleviate fracture. The mechanical responsive surface design proposed in this chapter 
served as a potential candidate for piezoelectric energy harvester. For example, PZT can be transfer 
printed as inks instead of bare silicon [31]. Upon stretching, corrugation will develop throughout 
similarly to the Si-PDMS systems. With proper interconnection between PZT, the charge 
generation due to the bending of PZT inks can be harvested as electricity. The advantages of the 
PZT-PDMS systems is that it will sustain much larger tensile strain compared to the PZT film. 
This is because the tensile loading causes the bending deformation of the PZT, due to the unique 
mechanical design of the systems.  
The magnetically responsive surface, on the other hand, may also be extended to a variety 
of future applications. Several near future developments are introduced below:  
Electromagnetic Dynamic Actuation (EM-Skin): In this chapter, we realized a magnetically 
responsive surface that is actuated by an external permanent magnet. Although this current version 
of the surface, actuated by a permanent magnet, is good enough for demonstrating the capability 
of the surface, it is much preferred that the surface microstructures be 1) actuated locally, 2) 
actuated by an electrical signal. This new iteration of the responsive surface may be referred to as 
electromagnetically actuation skin, or EM-Skin. Dynamically switching magnetic field can be 
generated by coil-like electromagnets using AC signal. The ink, instead of silicon only, can be 
coated with magnetic materials such as nickel. Therefore, the magnetization axis will be in-plane 
instead of out-of-plane. A small coil, which applies a magnetic field along the out-of-plane 




be dynamically actuated, within a relatively small region. With the dynamic switching capability, 
the EM-skin can be more versatile to manipulated individual droplets for microfluidics 
applications. In addition, the EM-skin can also be used as a micromirror array where individual 
pixels (inks) can be tilted to manipulate light beam. In the magnetically responsive surface, tunable 
solid coloration is demonstrated. With the dynamically and individually tunable photonic inks, 





CHAPTER 3. ELASTOMERIC ENERGY HARVESTER  
3.1 Vibration Energy Harvesting 
3.1.1 Motivation for Vibration Energy Harvesting 
Vibration is a ubiquitous and abundant form of energy in daily life, yet it is mostly wasted 
or even intentionally reduced as “noise” for human beings, machines, and buildings [101]–[105]. 
In recent years, however, harvesting energy from ambient vibration sources such as human body, 
buildings, household appliance, automobiles, aircraft, streets, and manufacturing plants have 
attracted explosive research interest. One of the most promising applications of vibration energy 
harvesters is to provide alternative power sources for wireless sensor networks (WSN). Up to date, 
most of these wireless sensor systems are powered by batteries. Due to the limited lifetime of 
batteries, alternative power sources such as vibration energy harvester are desperately needed to 
eliminate the need for maintenance because of issues such as:  
(1) Cost: due to the huge number of sensors in WSN, replacement of batteries is extremely 
costly and labor-intensive. For example, a wireless sensor network in a single office building alone 
can take hundreds of distributed sensors. If the sensors rely solely on batteries, the labor cost 
associated with annual battery replacement could far exceed the cost of all the hardware/software, 
even for such a moderate-sized network. The commercialization of WSN in the emerging internet 
of things (IoT) is thus hindered unless a solution for self-sustainable power sources is 
implemented.  
(2) Size: with the advanced of integrated circuits, the size of a wireless sensor node has 
dramatically decreased over the years (volume < 1 cm3). However, the improvement of battery 




node, the battery may take most of the volume. The sustainable power source should, therefore, 
satisfies the size constraints of the sensor systems.  
 
Figure 3.1: Relative improvement of computer components. The integrated circuit (such as CPU 
and RAM) advanced much faster compared to battery technology.  
(2) Hazard: due to the large scope of distribution of sensors, it would be extremely difficult 
to track and recycle all the depleted batteries to minimize environmental impact and possible health 
hazards to the human being. For example, the replacement of batteries for implanted sensors 
requires surgery, which is detrimental to the patients involved.  
Luckily, wireless sensors nowadays usually have ultralow power consumption (~ μW) 
owing to the advancement of integrated circuit (IC) and microelectromechanical systems (MEMS) 
technology. In addition, they usually only operate intermittently, i.e., they spend most of their 
lifetime at sleep mode without power consumption, making them possible to be powered by the 
tiny energy harvested from ambient vibrations. As a result, vibration energy harvester, which 




sensor networks. In the following section, a literature review of existing technology is provided 
with emphasis on their limitations for practical usage.  
3.1.2 Limitation of Existing Vibration Energy Harvesters 
This basic concept of mechanical energy harvesting is a transducer which converts input 
mechanical energy into output electricity. Based on the form of input mechanical motion, energy 
harvester can be broadly categorized into two types: (1) those that utilize direct application of force 
and (2) those that make use of inertial forces acting on a proof mass [105]. Up to date, much 
success has been obtained in terms of direct force energy harvester, which harness the pressing, 
flexing, stretching, or rotating motion of human bodies and transduce that mechanical energy into 
electricity (Figure 3.2) using piezoelectric and triboelectric mechanisms. However, for vibration 
energy harvesting, inertial force generators are much more favorable than direct force generator. 
This is because inertial generators require only one point of attachment to a moving structure, 
which gives much more flexibility in mounting than direct-force devices and allows a greater 
degree of miniaturization [105]. Unfortunately, challenges still exist for inertial generators, despite 
the considerable efforts towards inertial-type generators.  
 
Figure 3.2: Generic models of two types of mechanical energy harvester: direct force generator 




Conceptually, an inertial generator may have three key elements: a resonator, a 
transduction mechanism, and an external circuit. A major limitation of existing inertial-type 
vibration energy harvesters lies in the resonator design. Up to date, most of research works are 
based on linear resonators that only work around a single high resonant frequency within a narrow 
frequency bandwidth. However, a practically useful device should respond effectively to ambient 
vibrations, which normally have both low frequency and wide bandwidth. Here, at least four design 
criteria are identified for a practically useful vibration energy harvester:  
(1) Miniaturization & Batch Fabrication: To satisfy the stringent size-limit of applications 
of interest such as wireless sensor networks, the device needs to be highly miniaturized 
(volume < 1 cm3) to fit in a common wireless sensor node. In addition, the device 
should preferably be manufactured using processes that are compatible with integrated 
circuit (IC) or microelectromechanical systems (MEMS) such that it can be batch-
produced in a scalable fashion.  
(2)  Low Operating Frequency: A resonator that is excited about its resonant frequency 
will exhibit maximal vibration amplitude, which generally leads to the highest output 
performance. Thus, the design criterion for the resonator is that its resonant frequency 
should match the frequency of input ambient vibration. Due to the low frequency nature 
of ambient vibration, an effective vibration energy harvester should have a very low 
frequency, preferably below 100 Hz, to match the frequency of most ambient vibrations 
sources (1–10 Hz for human motion, 10–100 Hz for machine induced vibrations) [106]. 
Unfortunately, most MEMS devices nowadays utilize hard materials such as silicon as 
springs material, which fundamentally limits the resonant frequency to a high-




(3) Broadband Response: A resonator should preferably respond to a wide range of 
frequency, as most real-world vibrations have widely distributed frequency spectra or 
time or time variant frequency peak [107].  
As mentioned before, microelectromechanical systems (MEMS) technology has been 
adopted extensively to fabricate micro energy harvesters that satisfy the size and batch-fabrication 
requirement. However, MEMS devices generally have high resonant frequencies (0.1-10 kHz) due 
to the intrinsic rigid and light weight feature of conventional Si-based MEMS. Parallel to the 
progress in MEMS energy harvester, several macroscale broadband energy harvester (VEH), such 
as resonator-type triboelectric nanogenerators (TENG), have achieved high output and broadband 
at a much lower frequency range [108], [109]. However, they are macroscale machined and 
assembled devices that are not quite compatible with miniaturized wireless sensors which have 
stringent size constraint.  
In this chapter, we investigate a novel type of broadband energy harvester by introducing 
a resonator design that is based on highly stretchable elastomeric springs. Summarized below is 
the strategies in broadband energy harvesting techniques, and they can broadly categorize into two 
types: resonance tuning and bandwidth widening [110]–[120]. Using the design reported in this 
chapter, we can utilize two of the most promising techniques: passive resonance tuning and 
nonlinear springs to broaden the bandwidth of the energy harvester. The details on the two types 




Table 3.1 Summary of a several broadband techniques [121]  
Strategies Advantages Disadvantages 
Resonance Tuning   
• Mechanical Tuning High efficiency Extra systems; Slower response 
to vibration frequency change 
• Electrical Tuning Easy to implement; in-situ tuning Low efficiently; Tuning requires 
energy 
Bandwidth Broadening   
• Harvester Array Easy to implement; No tuning 
mechanism required 
Low volume efficiency 
• Stopper Easy to implement Reliability; Lower maximum 
power 
• Bistable Better for frequency lower than 
resonance 
Complex design 








3.2 Broadband Energy Harvester Using Soft Elastomeric Springs 
In this chapter, we demonstrate a broadband energy harvester which utilizes spring 
hardening effect originated from geometric nonlinearity. To realize the broadband behavior, a soft 
spring resonator is developed as a platform for broadband vibration energy harvesting. The soft 
spring resonator is constructed with a suspension with highly flexible elastomeric springs, ultrathin 
electrodes and metal traces, and silicon proof mass. The conceptual design of the presented 
elastomeric spring resonator is partly derived from the recent advances in bio-inspired soft 
robotics, where elastomeric structures are innervated by ultrathin electronics to realize active 
functions such as sensing and actuation [122]–[125]. The main advantage of the soft spring 
resonator for microsystem application is threefold. First, the elastic modulus of elastomers (e.g., 
PDMS) is substantially smaller than rigid materials (e.g., silicon) by at least 5 orders of magnitude 
(100,000 times), which enables a low spring constant design with facile and compact fixed-fixed 
beams. Low resonant frequency of the systems is then obtained without complex spring design. 
Moreover, the hybridized elastomeric springs, with elastomeric structural layer and printed metal 
traces, exhibit large deformation capability (up to 100% strain) while maintain reliable electrical 
signal transmission, which serves to improve the robustness of the device under random vibration 
conditions. Third and most important, the large deformation capability of the elastomeric springs 
serves to broaden the device bandwidth by harnessing the stretching induced nonlinear effect 
during large amplitude vibrations [126], [127].  
3.2.1 Device Fabrication 
The schematic of the soft spring resonator is illustrated in Figure 3.3. The resonator 




electrodes and stretchable interconnect printed on the elastomeric suspension, and silicon proof 
mass and anchors. The fabrication process of the soft spring resonator consists of four major steps 
(Figure 3.4): microfabrication of ultrathin electronics on a donor substrate, replica molding of the 
elastomeric suspension on a receiving substrate, transfer printing-based heterogeneous integration 
of ultrathin electronics from the donor to the receiving substrate, and the final releasing of the 
resonator.  
 
Figure 3.3: Soft spring resonator: (a) schematic of a resonator structure; (b, c) Optical microscopic 
image of the electrode and an elastomeric spring (d) a photograph of the fabricated resonator; and 
(e) schematic illustration of the transfer printing process.  
Fabrication of ultrathin electronics: ultrathin electrodes and stretchable metal traces are 
formed on a silicon substrate using monolithic microfabrication. A (100) Si wafer is cleaned and 
spin-coated with a thin sacrificial layer of polymethyl methacrylate resist (300 nm thick, 495 




fully remove the solvent. A supporting PI layer (1.5 μm thick, PI-2545, HD Microsystems) is spin-
coated at 3000 rpm and fully cured on a 350 °C hotplate in a N2 filled vacuum environment (0.2 
Torr pressure) for 1 hour under. The substrate is then allowed to cool down slowly for over 2 hours 
to reduce the residual stress in the PI layer. A thin metallization consisting of Cr adhesive (10 nm 
thick) and Au conductor (100 nm thick) layers is deposited on the PI layer by sputtering (AJA 
International ATC Orion 8 HV series sputtering systems). The metallic layer is patterned into a 
serpentine shape by UV photolithography (AZ5214, 1.5 μm thick) and wet chemical etching using 
Au and Cr etchants (TFA Au etchant and 1020 Cr etchant, Transene). After stripping the 
photoresist, the top encapsulation PI layer is spin-coated to cover the metallic layer on the substrate 
and cured under the same condition as the previous PI layer. The combined PI (both top and 
bottom) layer is then patterned by photolithography (SPR220, 4.5 μm thick) and reactive ion 
etching (RIE, O2, 20 sccm, 100 W, 200 mTorr, 20 min). The PI serpentine (25 μm wide) is larger 
than the metallic serpentine pattern (15 μm wide) to ensure that the metallic layer is completely 
embedded inside the PI layer. The metal traces made of these PI/Au/Cr/PI layers is released from 
the underlying substrate by remove the sacrificial PMMA layer in acetone (60 °C) for 5 min.  
Fabrication of elastomeric suspension: The elastomeric suspension including a seismic 
mass top and soft elastomeric beams, on the other hand, is formed on a receiving substrate by 
molding. First, a Si substrate is cleaned and patterned with a photoresist masking layer (SPR220, 
4.5 μm thick) using photolithography. A 100 μm deep trench is formed by etching into the substrate 
using deep reactive ion etching (DRIE, STS Pegasus ICP RIE). The trench serves as a mold to 
define the elastomeric structure. Polydimethylsiloxane (PDMS, Sylgard 184) precursor is prepared 
(15:1 base to curing agent ratio), degassed in vacuum, cast into the trenches, and cured at 60 °C 




by a polyethylene terephthalate (PET) film, and the excess PDMS precursor is squeezed off the 
top surface by applying weight on the PET film. This PDMS molding method gives flat and smooth 
PDMS surfaces which is crucial to forming a conformal contact between PDMS layer and the 
printed layer.  
 
Figure 3.4: The fabrication process flow for a resonator. (a) The fabrication of ultrathin electrodes 
on a donor substrate. (b) The fabrication of an elastomeric structure on a receiving substrate. (c) 




Transfer printing based heterogeneous assembly: Once the donor and receiving substrates 
are both readily prepared, the interconnect layer is lift-off from the donor substrate by a transfer 
vehicle, which can be a PDMS flat stamp with water-soluble poly (vinyl alcohol) (PVA) adhesive. 
After the lift-off, the exposed PI surface is functionalized by 2% aqueous solution 3-
mercaptopropyltrimethoxysilane. Then the PI and PDMS are both activated by oxygen plasma 
treatment (RIE, 50 W, 20 sec). The ultrathin electrode layer is then printed onto the PDMS surface 
with precise alignment ensured by a stamping tool equipped with a mechanical stage and an optical 
microscope. After that, the specimen is thermally annealed at 60 °C for 5 min to form a strong 
interfacial bonding between PI and PDMS due to hydroxyl condensation reaction. The bonded 
assembly is then separated from PDMS stamp by dissolving the intermediate PVA adhesive in 
deionized water. Finally, the silicon proof mass is carved out in-situ by etching the Si underneath 
the elastomeric beams. XeF2 vapor phase etching (Xactix XeF2 release etch systems) is used to 
minimize the stress and damage to PDMS. The images of the fabricated resonator are presented in 





Figure 3.5: (a) An optical image of a resonator. (b-d) Scanning electron microscope (SEM) images 
showing a contact pad of an interconnect (b), the serpentine-shaped interconnect on an elastomeric 
beam (c), enlarged view showing the bond between interconnect and elastomer beam (d). 
Device assembly: a parallel-plate capacitive energy harvester is assembled using a soft 
spring resonator, silicon spaces of 1 mm height, and a printed circuit board (PCB) with a stationary 
copper electrode of 5 ×5 mm2 area. To provide a constant voltage to the capacitor, the stationary 
electrode is covered by an initially charged PTFE dielectric film (3M 5480). The PTFE film is 
charged by using electron injection in a scanning electron microscopy (SEM) at 30 keV. The 
surface potential of PTFE right after charging is measured to be around -1000 V using an 
electrostatic voltmeter (Monroe Electronics). The surface level electron will decay quickly within 
a few weeks, leaving the relatively deeper charged electron behind and a reduced surface potential 
to be around -600 V. During working, the PCB is mounted onto an ambient vibration source, which 
excites the whole device and causes the relative out-of-plane displacement of the movable 




charges between the movable electrodes and counter electrode. With an external resistive load, 
current is generated and thus part of the mechanical energy (relative movement of between the 
electrodes) is converted into electricity.   
3.2.2 Device Analysis 
The equivalent circuit model of a capacitive energy harvester with a resistive load is shown 
in Figure 3.6. The upper movable electrode on the resonator forms a parallel-plate variable 
capacitor C1 with the bottom PTFE electret (i.e. semi-permanently charged dielectric material) 
layer on the printed circuit board. Upon the excitation of the external vibration, the movable 
electrode moves in the out-of-plane direction with respect to the stationary electrode, which 
changes the gap parallel capacitor C1. This change of capacitance induces a variation of charge on 
the electrodes and thus leads to an AC current through the external load resistor. The behavior of 











     𝑚?̈? + 𝑏?̇? + 𝐹𝑟 + 𝐹𝑒 = −𝑚?̈?      (3.2.1) 
The first equation is Kirchhoff circuit law where Qt is the total charge in the PTFE electret, 
Q1 (t) is the charge of capacitor C1, R is the resistance of the load. C(t) is the total capacitance 
between the movable electrode and the fixed electrode. The total capacitance of the system 
includes both the variable capacitor and constant capacitors such as the electret capacitance C2, 
which has fixed thickness. 
The second equation in (3.2.1) is the equation of mechanical oscillation, where m is proof 




force, respectively. The electrostatic force is given by equation (3.2.2), where A is the area of the 







       (3.2.2) 
The spring force is modeled as a polynomial function of the displacement x. Due to the 
symmetry of the suspension, the elastic energy is an even function of x. Thus the spring should be 
an odd function of x [127]. Therefore, only odd terms are included in the polynomial. To capture 
the nonlinear effect of the spring, we need at least a third-order polynomial, given as:  
 3 51 3 5rF k x k x k x o x         (3.2.3) 
In the case of small vibration, the spring force can be reduced to a simplified linear 
function: 
1rF k x       (3.2.4) 
Regardless of the form of spring force, the coupled equation cannot be solved analytically. 
Therefore, it is numerically calculated by Simulink using the model shown in Figure 6c. The 
electrical domain and mechanical domain is coupled by the displacement of movable electrode x, 








energy harvester (b) simulation of output power for various initial gaps and external loads. (c)  
 
 
Figure 3.6 (cont.): (c) Block diagram of the Simulink model, adopted from [128].  
Typically, to obtain a maximal power output for a given external load, the internal 
impedance of the capacitive energy harvesting device (which is determined by parameters such as 
the initial gap of the capacitor) should match the external load impedance (resistance). An optimal 
initial gap, corresponding to an optimal impedance, should be selected to get maximum output 
power. However, the minimal initial gap is contained by dielectric breakdown and pull-in effect, 
which are detrimental to the proper functioning of the device. Therefore, instead of selecting a 
relatively narrow initial gap with maximal power output, a wide initial gap of 900 μm is selected 
for a large margin of error and robust of the device in practical applications. The design parameters 




Table 3.2. Design parameter of energy harvester 
Parameter Description Value 
E PDMS Young’s Modulus 360 kPa 
l Length of PDMS spring 1 mm 
w Width of PDMS spring 0.4 mm 
t Thickness of PDMS spring 0.1 mm 
g Gap between electrodes 850 mm 
V Volume of the proof mass 5 mm × 5 mm × 0.4 mm 
L × W × H  Dimension of the active region 7 mm × 5 mm × 0.5 mm 
 
3.2.3 Energy Harvesting Experiment 
The micro energy harvester is assembled on the printed circuit board (Figure 3.7) and 
characterized by controlled sinusoidal vibration with specified frequency and acceleration. The 
experiment setup consists of a linear motor stage (Aerotech Inc.) where the device is mounted, an 
oscilloscope (Tektronix), and load resistors, as shown in Figure 3.7b. The energy harvester, the 
load resistors, and the oscilloscope are serially connected to form a closed circuit to allow the 
current to flow.  The voltage waveform on the oscilloscope at zero loads (RL = 0) under 1 g (9.8 
m/s2) acceleration and 80 Hz frequency is shown in Figure 3.7c. To measure the frequency 
response of the energy harvester, the linear stage is vibrated at different input frequencies ranging 
from 20 Hz to 110 Hz. The input acceleration is kept as a constant (0.1 g) between different 
frequencies. Therefore, the amplitude of input displacement has to be changed accordingly with 















The resultant output peak-to-peak voltages at different frequencies are plotted in Figure 
3.7d. It can be found that at low-level vibration (0.1 g), the device exhibit linear behavior with a 
resonant frequency of around 70 Hz. The same experiment is conducted at higher-level vibration 
(0.5 g), the large deformation hardening of the elastomeric spring causes the hardening of the 
spring, which in turn induced the up-shift of resonant frequency (to around 80 Hz) and widening 
of the bandwidth. At even higher-level vibration (1 g), a continuing up-shift of resonant frequency 
to around 85 Hz and widening of bandwidth to 28% of original resonant frequency (70 Hz) is 
observed.  
Given the resistance of the oscilloscope (1 MΩ), the current in the closed circuit can simply 
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The dependence of output power on total external load is measured by changing the load 
resistance RL between 0 MΩ and 120 MΩ. As plotted in Figure 3.7e, the current decreases as the 
load resistance increases, whereas the output voltage on total external load increases. The peak 
instantaneous power is then calculated by equation (3.2.5) and plotted in Figure 3.7f. A maximal 





Figure 3.7: Characterization of the energy harvester: (a) photograph of the assembled device 




Figure 3.7 (cont.): coin. Scale bar is 1 cm. (b) Test setup. (c) The waveform of the output voltage 
at zero loads (RL= 0). (d) The frequency response of the energy harvester. (e, f) Electrical output 
versus load resistance, including output current, voltage (e), power, and power density (f).   
3.2.4 Human Motion Sensing Demonstration 
The device is also demonstrated as a wearable self-powered motion sensor. Owing to the 
small size of the energy harvester, it is easily mounted on a wristwatch for the demonstrative 
experiment. The output open-circuit voltage signal is measured in real-time by a data acquisition 
setup using MATLAB dSPACE interface. The waveform of the voltage output in response to 
gentle handclap is shown in Figure 3.8. Distinctive peaks are observed instantaneously along with 
the hand clapping motion, as shown in Figure 3.8a and 3.8b. The number of peaks indicates the 
number of handclaps, while the amplitude of each peak corresponds to the level of acceleration 
generated during each hand clap. To systematically characterize the sensitivity of the human 
motion sensor, a device is mounted on the linear motor and excited at 60 Hz with different 
acceleration ranging from 0 to 1 g. The output signal at different input acceleration is plotted in 
Figure 3.8e. As a result, a linear regime within 0 g - 0.5 g is overserved and the voltage sensitivity 
is obtained as 0.78 V/g using a linear fitting. Overall speaking, the device concept shows great 
potential as a self-power accelerometer and sustainable power source for highly miniaturized 
wearable sensors.  
In conclusion, the experimental measurement of energy harvester shows that the device 
response well to a low frequency range (central frequency at 70 Hz) over broad bandwidth (20 Hz, 
which is 28% of central frequency), all achieved within a small footprint (area < 1 cm2) and 




peak power of 3.1 μW is measured at 1 g acceleration at around 70 Hz. This value, under 
continuous excitation, corresponds to a root mean square (RMS) power of 98.7 μW/cm3.  
 
Figure 3.8: Demonstration of a wearable self-powered motion sensor: (a, b) photograph of the 





As of the year of 2004, the wireless sensor community is actively looking for a sustainable 
power source of around 100 μW/cm3. In comparison, our energy harvester shows great potential 
to act as the sole power source for a battery-free wireless sensor. In addition, a concept of a 
wearable self-powered accelerometer is also demonstrated by testing the response of a device to 
gentle motions of a human body with a voltage sensitivity of 0.78 V/g.   
3.3 Tunable Resonator Using Elastomeric Springs 
3.3.1 Tunable Resonator Design 
In this section, the effect of resonance tuning by axially stretching the elastomeric beams 
is investigated. A resonator similar to what is discussed in chapter 3.2 is used (Figure 3.9). The 
tunable, soft spring resonator, composed of a silicon proof mass, elastomeric springs, and 
stretchable metallic metal traces is fabricated by transfer printing, and its mechanical 
characteristics such as a spring constant and a resonant frequency are systematically examined 
under controlled mechanical strains on the beams.  
 
Figure 3.9: Schematic illustration of the tunable resonator under unstrained (b) and strained (c) 




3.3.2 Resonance Tuning Experiment 
Stretchability Test: The mechanical stretchability of meandering interconnect as well as its 
ability to maintain low resistance (R) when the elastomeric beam is stretched, is crucial for the 
proper functioning of the tunable resonator. To study the stretchability, a uniaxial tensile test is 
performed to the tunable resonator while the resistance of interconnect between two contact pads 
is recorded by a multimeter. A fabricated 400×400×100 μm elastomeric beam with a five turn 
serpentine interconnect  is mounted on a mechanical stretcher and uniaxial stretched by pulling the 
two ends of the beam at a low rate (5 μm/sec) to minimize any rate-dependent effects. The 
stretching is quantified by the axial strain (ε) of the beam, which is defined by ε = ∆L/L0 = (L-
L0)/L, where L and L0 represent the length of the beam at stretched and initial state, respectively. 
The optical microscopic images of the beam at 10%, 23%, and 47% of axial strains are shown in 
Figure 3.10a. The deformation, indicated by the distribution of the first principal strain at 10%, 
23%, and 47% axial strains, is predicted by finite-element-analysis (FEA) using software 
COMSOL. To simulate the experimental boundary condition in the computation, fixed constraint 
is applied to the left end of the domain in Figure 10a and displacement boundary condition is 
applied to the right end of the domain. Meshing condition is set to extremely fine in COMSOL for 
better accuracy. The electrical resistance (R) as a function of the axial strain (ε) is presented in 
Figure 10. The resistance data are indicated until the failure point in the plot. The resistance of the 
serpentine metal traces remains constant at ~235 Ω which well matches the theoretically calculated 
value (230 Ω) before the beam fractures.  The beam is ruptured at around 93% axial strain, after 
which the metal traces immediately fractures around the same location where beam rupturing 
location. This observation is expected because all the load is born by the metal traces after the 




beam with an integrated serpentine metal traces can be elongated to the axial strain of ~ 93% 
without changing electrical functioning of the metal traces. This outcome is consistent with the 
FEA results showing that most of the deformation is accommodated by the elastomeric beam and 
the maximum strain in the neutral plane of the metal traces is only less than 1%. The limiting factor 
for stretchability is the rupture of the elastomeric beam. A recent study on the mechanics of a 
similar serpentine structure [129] suggests that the stretchability could be further improved up to 
about 170% if thinner substrates (elastomer beam in our case) and more resilient elastomers (such 
as Ecoflex, instead of Sylgard 184) are exploited.  
 
Figure 3.10: Characterization of the stretchability of metal traces. (a) The experimental and FEA 
results showing the deformation of an elastomeric beam at 10%, 23%, and 47% uniaxial strains. 
(b) The resistance versus axial stain plot (R-ε) measured during uniaxial tension.  
To experimentally investigate the effect of axial stretching on the transverse spring 
constant of the elastomeric beam, a resonator is mounted upside down on a mechanical stretcher 
and stretched to a designated axial strain. The force-displacement response along the out-of-plane 
direction is tested by pressing the central mass with an atomic force microscope (AFM) tip as 




resonator under different axial strains are plotted in Figure 11a. As the axial strain increases, the 
slope of the force-displacement curve increases (shown by the arrow in the plot), indicating an 
increasing spring constant upon stretching. To reveal the role of stretchable metal traces, a 
resonator with elastomeric beams without any assembled metal traces is also tested. The results of 
both test cases are summarized in Figure 3.11b. As expected, the elastomeric beams with metal 
traces consistently exhibit larger spring constants than the elastomer beams without interconnect, 
due to the added stiffness from metal traces. Nevertheless, the spring constant increases as the 
strain increases monotonically in both cases. 
 
Figure 3.11: Characterization of a tunable spring constant. (a) The force versus displacement 
curves of the resonator under different axial strains, measured by the setup shown in the inset. (b) 
Spring constants of an elastomeric beam with (solid circles) and without (hollow circles) 
interconnects. 
The tunable transversal spring constant of the elastomeric beams upon axial stretching 
suggests that the resonant frequency of the resonator (fr) should increase with an axial strain, 
accordingly. If the resonator is simply considered as a linear system described by a lumped-












                                                        (3.3.1) 
where k is the spring constant, m is the mass, and ε is the axial strain of the beams. If k increases 
as result of applied ε, the resonant frequency fr should also increase.  
To experimentally confirm the prediction given by equation (3.31), the dynamic response 
of the resonator is also tested using an experimental setup that consists of a shaker, a function 
generator, a power amplifier, and a laser Doppler vibrometer (LDV). The schematic illustration of 
the setup for in-situ measurement is shown in Figure 3.12a. A resonator sample is first mounted 
on a mechanical stretcher, which can apply axial strain to the elastomeric beams. The stretcher is 
then attached to an electromagnetic shaker, which supplies sinusoidal mechanical vibration along 
the out-of-plane direction to the resonator. The vibration provided by the shaker is controlled by a 
function generator such that the peak acceleration value is set to a constant (1 m/s2), and the 
vibration frequency is swept from 0 Hz to 200 Hz. The displacement amplitude of the proof mass 
as a function of the input vibration frequency is plotted in Figure 3.12b. The data of four curves in 
Figure 3.12b are all collected from the same sample, and each curve represents the frequency 
spectra corresponding to one specific axial strain. Compare the peak of the four spectra curve, it 
can be easily observed that the axial strain causes an up-shift of the resonant frequency. When the 
axial strain increases from 0% to 10%, the resonant frequency of the system increases from 85 Hz 
to 155 Hz. The measured resonant frequencies agree with the values predicted using Equation 
(3.3.1) to a great extent. Also, the quality factor (Q-factor) of the system as estimated from the 
data shown in Figure 3.12d also increases from 11.3 to 46.4. The observed trend in the Q-factor is 
possibly caused by the increased resonant frequency and the decreased damping effect as the 





Figure 3.12: Characterization of a tunable resonance. (a) Illustration of a measurement setup. (b) 
Output displacement response as a function of the input excitation frequency. (c) Resonant 
frequency versus axial strain curve. (d) Quality factor versus axial strain curve.  
In conclusion, the design construct of a tunable resonator with elastomeric beams and 
stretchable metal traces is presented in this chapter. A transfer printing process, similar to what is 
used in section 3.2, is used here to fabricate the tunable resonator. The metal trace, when 
encapsulated in polyimide and patterned to meandering shapers, demonstrates excellent 
stretchability up to a 93% axial strain, which is about 3 times higher than the reported limit of 
direct metallization [130]. Although the stretchability of metal traces here is lower than the 




[132], unconventional materials (such as EGaIn or carbon nanotube composite) are avoided here, 
which is quite beneficial in terms of compatibility with standard MEMS technologies. 
Furthermore, other shortcomings from unconventional materials such as limited pattern resolution 
and strain-dependent conductivity are also avoided here. The elastomer beam exhibits a tunable 
spring constant, showing a 4-fold increasing of its spring constant under a 30% axial strain. Tuning 
of resonant frequency from 85 Hz to 155 Hz is obtained by of a 10% axial strain. The effective 
bandwidth is 60 Hz, which is over 70% of the resonant frequency. The presented design of the 
resonator can lead to tunable energy harvesters with greatly broadened bandwidth.  
3.4 Outlook: Energy Harvesting 
This chapter proposed a new paradigm of microsystems based on soft, stretchable, 
elastomeric springs. Compare with conventional microsystems based on rigid material, the soft 
spring microsystems provide distinct features such as large deflection, low resonant frequency, 
tunable resonance, and broadband behavior under large deformation. For conventional 
applications, these features are not necessarily beneficial. However, the unique properties are quite 
desirable for the emerging field of vibration energy harvesting, which requires microsystems that 
matches the broadband ambient vibration.  
In this thesis, we developed the first prototype of vibration energy harvester based on the 
soft spring microsystems. For the future development, a few improvements can be made to further 
increase the efficiency and utility of the device for practical applications.  
Low-frequency Resonator Design: the resonant frequency of the energy harvester should 
be designed to match the input vibration sources. In this chapter, the resonant frequency is design 




frequency should be tuned to be even lower, in the 0-10 Hz range. For rigid springs, this will be 
extremely challenging unless complex design or radical design parameters are adopted. For soft 
springs, this can be achieved by using softer elastomer as the spring materials and use heavier mass 
(such as Tungsten mass).  
Theoretical Study on Nonlinearity Behavior: nonlinear spring hardening and the resultant 
broadband behavior is observed from the experimental results reported in this chapter. We adopted 
a well-established Duffing’s equation to model this behavior. In future works, the mechanism of 
this nonlinearity should be studied more rigorously. For example, we expect geometric 
nonlinearity instead of material nonlinearity to be the predominant factor to consider for the current 
systems. However, this should be answered after further studies are completed.   
Transduction Mechanisms: typically, a vibration energy harvester involves three key 
elements: a resonator, a transduction mechanism(s), and an external circuit for power management. 
In this chapter, we have been focusing on the resonator design, without paying too much attention 
to the transduction mechanisms. However, the same paradigm of resonator with elastomeric, soft 
spring can be applied to piezoelectric, electromagnetic, electrostatic, triboelectric, and a hybrid 
mechanism which combines two or more mechanisms. Apparently, a hybrid mechanism is 





CHAPTER 4. STUDY OF TRANSFER PRINTING 
4.1 Positioning Errors in Transfer Printing 
The transfer printing process is usually conducted using a stamping machine, which 
consists of mechanical stages and an optical microscope for manipulation and vision, respectively. 
During a releasing step, positioning error is normally generated due to imperfect mating between 
an inked stamp and a receiving substrate. Following the convention of the coordinate system 
defined in Figure 4.1, the inked stamp or the receiving substrate is driven by the stage to move 
towards each other along z-axis until full contact is made. During this process, the ink may deviate 
from its target location caused by three types of error: translational error ux, translational error uy, 
and rotational error θz.  
Based on the source of the error, the error can be decomposed into two parts: the direct 
error and indirect error. The direct error refers to the error (ux, uy, θz) caused directly by 
misalignment along the same direction, i.e., the linear misalignment along x- and y-axis and 
angular misalignment along the z-axis. For example, an inferior mechanical stage may drift along 
x- and y-direction during z-motion, causing direct error ux and uy. Fortunately, the direct error can 
be reduced by employing high precision stage and high-resolution optics. Furthermore, 
misalignment along (ux, uy, θz) can be directly visualized using microscopy (Figure 4.1) due to the 
transparency of the stamp, and the error can be corrected in real-time through closed-loop control. 
Therefore, we will neglect the direct error in the following analysis. An indirect error, on the other 
hand, refers to the error (ux, uy) induced by the angular misalignment along θx and θy. As illustrated 
in Figure 4.1, angular misalignment can cause the ink to rotate as well as slide after initial contact, 




because angular misalignment θx and θy are quite challenging to visualize by microscopy. 
Therefore, we will restrict our analysis to the indirect errors in the following section. 
 
Figure 4.1: Errors caused by angular misalignment. (a) Errors due to the rotation of a stamp. (b) 
Errors due to the rotation of a receiving substrate. In both (a) and (b), the schematic on the left 
refers to the state of initial contact, whereas the schematic on the right relates to the state of full 
contact. Red arrows show the sliding direction of inks. (c) The convention of translational error. 
Dashed lines indicate the initial position of ink before sliding occurs. 
Both flat stamp and microtip stamp are studied by finite-element analysis (FEA) in this 
work. For each type of stamp, two scenarios are possible during the printing process. In one case, 
the stamp has an initial angular misalignment (θx and θy) whereas the receiving substrate is properly 
aligned with the coordinate system, as illustrated in Figure 4.1a. In the other case, the receiving 
substrate has an angular misalignment (θx and θy) whereas the stamp is properly aligned with the 




complete contact with the receiving substrate. The positioning error is defined as the distance 
between the target location and the actual location, measured at the center of the ink (Figure 4.1c). 
Several assumptions are made to the model to lessen the computation. First, gravity is neglected 
in the model. This is a valid assumption because body force such as gravity is much smaller than 
the surface force such as adhesion at the microscale. Also, perfect bonding is assumed between the 
stamp and ink, i.e., no interfacial sliding or delamination occurs between the stamp and ink, as 
confirmed by experimental observations. Also, the friction force between the ink and the receiving 
substrate is neglected. Although there is always a nonzero friction coefficient between the ink and 
the stamp, the absolute value of friction force remains quite small because the ink and receiving 
substrate are typically made of highly polished single crystal silicon or other high-quality materials 
with very low friction coefficient. Furthermore, only point or line contact can be made before full 
contact is established, which reduced the friction. Finally, a quasi-static motion is assumed, 
corresponding to a low-speed printing process.  
3D model is built to simulate the printing process. The geometries of the model follow the 
values referring to the literature. The post of the flat stamp is a 100×100×100 μm cube. The 
microtip stamp has the same post as the flat stamp, and there are four additional pyramidal-shaped 
protrusions on the bottom surface of the post, each sitting on a corner. The base of the pyramids is 
15×15 μm, and the height is 10.6 μm. Square-shaped ink is used in the analysis. The lateral 
dimension of the ink is 100×100 μm, and the thickness is 3 μm. Polydimethylsiloxane (PDMS) 
and silicon are chosen as the materials of stamp and ink, respectively. PDMS is modeled as Neo-
Hookean material. The material parameters of the PDMS with 5:1 mixing ratio are obtained from 
literature. Silicon is modeled as isotropic linear elastic material. Tetrahedral meshing is used in the 




distortion of the elements cause by large deformation. To mimic the stamp movement along the z-
direction, a boundary displacement is applied on the upper surface of the PDMS stamp. The 
displacement value is large enough such that the ink can make full contact with the receiving 
substrate. Contact boundary condition is defined between the bottom of the ink and the top surface 
of the receiving substrate. The friction coefficient is assigned to be zero since friction is neglected. 
The model is solved by software COMSOL Multiphysics 5.0.   
 
Figure 4.2: Displacement distribution in: (a) flat stamp before printing; (b) flat stamp after printing; 
(c) microtip stamp before printing; (d) microtip stamp after printing. 
The resultant displacement distribution is shown in Figure 4.2. The error of flat stamp, 
from tilted stamp and error from tilted receiving substrate, are both presented in Figure 4.3. The 
initial angular misalignment θx and θy are chosen as the independent variables, sweeping from 0 to 
1 degree. The resultant error ux and uy corresponding to a given combination of θx and θy are shown 
as contour plots. From the plots, it can be seen that the ux component is only sensitive to the angular 




total error can be regarded as the superposition of the effects from θx and θy. At an angular 
misalignment θy (θx) = 1°, the error ux (uy) is ~ 0.9 μm for both tilted stamp and tilted receiving 
substrate cases. The translational error for microtip stamp is shown in Figure 4.4. Similar to the 
flat stamp, the error ux is only sensitive to the angular misalignment θy, whereas error uy is only 
sensitive to the angular misalignment θx for microtip stamp. At an angular misalignment θy (θx) = 
1°, the error ux (uy) is ~ 0.12 μm for both tilted stamp and tilted receiving substrate cases, 7 times 
smaller than in the flat stamp case. 
 
Figure 4.3: Contour plots showing the positioning error of flat stamps: (a) ux caused by tilted 
stamp; (b) uy caused by tilted stamp; (c) ux caused by tilted receiving substrate; (d) uy caused by 






Figure 4.4: Contour plots showing the positioning error of microtip stamps: (a) ux caused by tilted 
stamp; (b) uy caused by tilted stamp; (c) ux caused by tilted receiving substrate; (d) uy caused by 
tilted receiving substrate. 
The results indicate that the translational error caused by tilted stamp and tilted receiving 
substrate are almost the same under small angular misalignment (θ < 1°). Both flat stamp and 
microtip stamp shows submicron translational error at θ < 1°. However, the error caused by flat 
stamp is over 7 times larger than the error caused by microtip stamp at any given θx and θy. The 
reason for this difference can be elucidated by analytical models based on pin joint mechanism 




rotate by an angle of θ around the opposite direction to fit the flat surface of the receiving substrate. 
This rotation is accommodated by the deformation of the soft stamp. In an idealized model, the 
stamp is so flexible such that it has no resistance to the rotation of the ink. The inked stamp can 
then be represented by an assembly that consists of rigid plate connect to a rigid rod through a pin 
joint. No matter how much the ink rotates during printing, the geometrical center of the ink will 
not move. Therefore, the error is effectively 0 when pin joint model is applied. 
 
Figure 4.5: Schematic diagrams showing the pin joint and cantilever beam models. (a) pin joint 
mechanism before and after printing; (b) beam before printing and after printing 
In practice, however, the reaction force from the stamp is always nonzero. For example, 
the rotation of the ink on a flat stamp will cause compressive stress on one side of the stamp and 
tensile stress on the other side. This type of deformation can be modeled by the bending 
deformation of a cantilever beam, as shown in Figure 4.5b. The ink attached to the free end of the 
cantilever beam is forced to rotate by a degree of θ during printing. A bending moment M is exerted 








where E is the Young’s modulus of the beam material, I is the area moment of inertia of the beam, 
L is the length of the beam. The translational error is approximately the deflection at the end of the 





           (4.1.2) 
plug Eq.1 into Eq. 2, the area moment of inertia I can be cancelled out. Given L=100 μm, the error 
under θ = 1° is calculated as 0.87 μm, approximately the same as the numerical result of 0.89 μm. 
It can be then concluded that the deformation of the flat stamp can be modeled approximated by 
the beam theory to an excellent extent.  
The microtip stamp is more complicated than the flat stamp. The rotation of ink is 
accommodated mostly by the compression of the microtip instead of the post. Therefore, it cannot 
be modeled simply by the beam theory. Nevertheless, the microtip stamp can be simply considered 
as the intermediate case between pin joint model and flat stamp. The microtips are much more 
flexible than the bulky post, yet still more rigid than the pin joint. Thus, the error of microtip stamp 
is expected to be smaller than the error of flat stamp and larger than zero. This postulation is 
validated by the result of numerical study. A comparison between different models is listed in 
Table 4.1. 
Table 4.1. Position error: flat Stamp vs. microtip stamp 
Model Pin Joint Microtip Stamp Flat Stamp Beam Theory 
errora (ux) 0° 0.13° 0.89° 0.87° 




4.2 Joining Strength after Thermal Processing: Microscale Blister Test (MBT) 
In addition to the printing process, microfabrication based on transfer printing also involves 
material joining process. Thermal processing induced direct bonding provides an easy and flexible 
way of material joining without introducing additional adhesives at the joining interface, Therefore, 
it has been widely applied in LEGO-like microassembly. Thermal processing at different 
temperature enables fusion, eutectic, or adhesive bonding depending on mating material pairs. 
However, a systematic characterization of interfacial joining strength due to thermal joining is still 
nascent.  
Various established joining strength measurement techniques such as tensile/shear and 
double cantilever test are available in macro scale, but these techniques are not easily applicable 
to microscale characterization. Therefore, blister test [133]–[141], which has been successfully 
utilized to characterize the adhesion of thin films formed on Si substrates, is adopted at microscale 
for measuring the joining strength at Si-Si, Si-SiO2, Si-Au, and Si-SU8 interfaces created through 
the transfer printing and thermal processing.  
The fabrication procedure to make specimens for microscale blister test (MBT) is depicted 
in Figure 4.6. First, a 3 m thick, 900 m wide Si disc ink is prepared in a donor substrate. Then 
it is transferred onto a rim-shaped receiving substrate that contains a hole in the center serving as 
a gas inlet during blister tests. The combined Si disc ink and receiving substrate are joined by 
thermal processing afterward. Beside Si, the receiving substrate can further be processed and 






Figure 4.6: Fabrication process of a microscale blister test (MBT) specimen. (a) Microfabrication 
of a receiving substrate with a receiving rim and a gas inlet through the substrate. (b) The formation 
of an MBT specimen by printing silicon disk onto the receiving substrate and thermal processing 
to form a micro chamber.  
The assembled specimens forming hermetic sealing of microcavities are inserted to testing 
setup with a polymer jig, and mounted onto a custom stage with an optical microscope, as shown 
in Figure 4.7. The pressure inside the microcavity is increased in a controlled manner using a 
syringe pump and recorded by a pressure gauge, whereas the resultant deflection of the Si ink is 





Figure 4.7:  Blister test setup. (a) Schematic illustration of the blister test setup, which includes 
polymer jig, hose, pressure gauge, pump (syringe), a custom stage and a microscope. (b) 
Photograph of the blister test setup.  
Once the critical pressure is reached inside microcavity, the Si ink delaminates from the 
rim structure on a receiving substrate at which Griffith’s fracture criterion is satisfied: 
  0.625c c c cG G p p d       (4.2.1) 
where Gc is a material property termed critical energy release rate or toughness, which indicates 
the material’s resistance to fracture along any given path. In case that the Si ink delaminates along 
the joining interface, the corresponding Gc indicates the toughness of the joining. The energy 
release rate G, on the other hand, is a loading parameter indicating the driving force for fracture. 
For the specimen geometry here, G is simply a function of the applied pressure pc and the central 
deflection of the Si ink dc. Finite element analysis (FEA) is conducted to determine dc that is a 
function of measured pc which is known given specimen dimensions and material properties. At 
the moment when the Si ink delamination occurs, G reaches the toughness Gc as the Griffith 
fracture criterion is satisfied.  
Three MBT is conducted per each joining material pairs and the resultant Gc of four 
different joining pairs, i.e., Si-Si, Si-SiO2, Si-Au and Si-SU8, are determined using equation 4.2.1. 




fracture within the assembled Si ink instead of the Si ink delamination, e.g., for Si-Si specimens 
formed by fusion bonding.  Hence, the measured strength is at the lower bound of the microscale 





Figure 4.8: Optical images of micro blister test sample under pressurization. Si thin membranes 
undergoes deformation and delamination/fracture. Four different material pairs (Si-Si, Si-SiO2, Si-
Au and Si-SU8) are shown here.  
 The results for Si-Si, Si-SiO2, Si-Au, and Si-SU8 are plotted in Figure 4.9 with respect to 
their thermal processing temperature. Accordingly, the measured joining strength at Si-Au 
interface is the upper bound value. Si-SiO2 joining by fusion bonding is conducted in two 
conditions. One requires thermal processing of specimens at 1000 °C and the other involves plasma 
surface activation to the receiving SiO2 surface before transferring and subsequent thermal 




processing is lower, it is still acceptable in applications where assembled devices operate in 
moderate environment. Si-SU8 joining by adhesive bonding also includes two conditions where 
SU8 is or is not immersed in acetone bath to mimic SU8 ink fabrication on a donor substrate as 
depicted in SI-3. All obtained data presented here are the same order of magnitude as the toughness 
data achieved by silicon wafer bonding, validating high structural integrity achieved by the transfer 
printing and thermal processing. 
  
Figure 4.9: Characterization results of interfacial joining strength. (a) Blister test sample 
configuration. (b) Blister test sample size. (c) Joining strength as a function of temperature.  
The detailed experimental conditions and specimen dimensions are summarized in Table 






Table 4.2. Detailed description of joining conditions 
Material 1 Material 2 Joining Condition 
Si Si Si ink is directly transfer printed onto target Si surface and 
annealed in a furnace at1000 °C for 10 min. 
Si SiO2 For relatively lower temperature bonding, SiO2 ink is first 
transfer printed onto Si substrate, which undergoes O2 plasma 
cleaning process to remove photoresist (PR) that covers SiO2 
ink. The ink is then, transfer printed onto surface activated Si 
surface. The substrate is then placed and annealed in a furnace 
at 600 °C for 10 min. 
For high temperature bonding, SiO2 ink is directly printed onto a 
Si surface and annealed in a furnace at 1000 °C for 10 min. 
Si Au  The surface of the Si is cleaned with HF for removal of native 
oxide layer followed with transfer printing of an Au ink. The Au 
ink is transfer printed within short period of time after HF 
treatment. The transfer printed sample is then placed in a 
furnace and thermally treated at 363 °C for 10 min. 
Si SU8 An SU8 ink is directly printed on a Si surface and annealed in a 
furnace at 150 °C for 10 min. 
SiO2 Si Si ink is directly printed onto a SiO2 surface and annealed in a 
furnace at 1000 °C for 10 min. 
Au Au Print an Au ink onto a clean Au surface and apply pressure for 
more intimate contact.  
SU8 Si, Au, SiO2 Direct printing of a desired ink material and thermal treatment in 







Table 4.3. Detailed description of sample dimensions 
Material Joining Ring Inner 
Diameter 
Joining Ring Outer 
Diameter 
Joining Surface 
Si receiver 400 m 600 m Si Ring 
Au-coated receiver 400 m 600 m 400 nm Au 
SiO2-grown receiver 400 m 600 m 700 nm Oxide 











4.3 Thermal Stress after Thermal Processing 
This chapter will focus on the thermal deformation of suspended, single crystal silicon 
nanomembrane deposited by transfer printing and joined by direct fusion bonding. As introduced 
before, micro-LEGO based microassembly involves prefabrication of micro/nano components, 
transfer printing, and thermal processing. In addition to the positioning error during printing 
(chapter 4.1) and the mechanical joining strength after thermal processing (chapter 4.2), another 
critical issue to consider is the unwanted curvature of thin-film structures induced by thermal 
processing, which is widely observed for ultrathin silicon nanomembrane annealed under high 
temperature (as high as 1000 °C) during the fabrication of devices such as atomic force microscopy 
probe with ultrathin inner cantilever and nanoplate resonator [38], [142].  
Stress-induced deformation in thin-film structure has been a topic of great interest to the 
MEMS community. Significant progress has been made to minimize this effect, which is especially 
prominent in surface micromachined thin-film structures where residual stresses can cause 
significant curvature to the free-standing microstructures after releasing. Up to date, most studies 
focus on polycrystalline films that are deposited at temperatures significantly above ambient and 
subsequently released by sacrificial layer removal. Stress-induced deformation in ultrathin 
monocrystalline silicon nanomembrane structures, which have been developed for some 
interesting applications [38], [142]–[145], has not been well-studied to the best of our knowledge. 
Moreover, it is observed recently that even though the ultrathin silicon nanomembrane is deposited 
mechanically at ambient temperature using microassembly onto a substrate of the same material 
without significant mismatch, a subsequent rapid thermal processing would still induce significant 
out-of-plane deformation. Therefore, we once focused attention on the problem of stress-induced 




transfer printing and thermal processing (micro-LEGO) but also provides insights to the thermal 
stress/deformation issue with a broader interest.  
Here, a systematic experimental study is carried out to quantitatively investigate the 
deformation of transfer printed nanomembrane caused by thermal processing. First of all, ultrathin 
silicon nanomembrane of the lateral dimension of 100 μm and thickness of 340 nm are 
prefabricated on a donor substrate using monolithic microfabrication. Then, the ultrathin silicon 
membranes are transfer printed on silicon ridges of 20 μm wide and then thermally processed at a 
handful of different conditions. The resultant deformation of the silicon nanomembrane is used to 
characterize the effect of different annealing parameters, such as temperature, cooling rate, 
carrying gas, etc. The schematic of thermal stress problem setup is illustrated in Figure 4.3.1.  
 
Figure 4.10: Schematic illustration of the thermal stress problem. The parameters to characterize 
the curvature after annealing included the radius of curvature R, deflection d, and initial half-length 
L.  
To fabricate the specimen for testing, square-shaped silicon nanomembrane of 340 nm 
thick and 100 μm wide is prefabricated as inks on a silicon-on-insulation (SOI) wafer with 340 nm 
thick device layer and 500 µm thick handle layer. First, 100 µm × 100 µm squares patterns of 
photoresist are defined using photolithography on top of the silicon device layer. Then, reactive 




oxide layer. Subsequently, hydrofluoric acid solution (49%) is used to remove the oxide layer 
under the periphery silicon nanomembrane. This undercut region is subsequently filled with 
photoresist, followed by complete removal of the oxide layer, resulting in suspended 
nanomembrane with PR anchors. The thickness of the silicon nanoplate ink is defined by the 
thickness of the top silicon layer of the SOI wafers, which is 340 nm in our case. The suspended 
nanomembrane are then transfer printed through elastomeric microtip stamps, leaving the 
photoresist anchors behind on the donor substrate. Receiving substrates are fabricated by etching 
20 μm wide protruded ridge on a bare silicon wafer. Transfer printing of the silicon nanomembrane 
is realized by a PDMS microtip stamp. Right after transfer printing, each sample is examined under 
an optical microscope to ensure no significant deformation occurs before any thermal processing 
is performed.  
The specimen is then annealed at elevated temperature to induce direct fusion bonding 
between the receiving silicon substrate and printed silicon nanomembrane. Before annealing, the 
transfer printed specimen is first mounted on a silicon boat and then inserted into a rapid thermal 
processing (RTP) chamber. The RTP chamber is built with 2-inch diameter quartz tube with a 
thermal couple located inside the tube. The tube is surrounded by high power lamps and reflective 
surrounding surfaces to provide rapid heating through radiation. After the sample is loaded into 
the RTP chamber, the quartz tube is first purged with argon carrier gas. Then the lamp power is 
turned on. Temperature reading quickly ramped up to a target value. The ramping up from 20 °C 
to 1000 °C takes about 1 min. The temperature is maintained at a dwell temperature for 10 min 
and quickly ramped down by turning off the power of the lamp.  
The effect of dwell (maximum) temperature, including 250 °C, 500 °C, 1000 °C, are first 




regime of silicon to silicon direct bonding mechanism, according to previous studies [146]–[150]. 
Briefly, when hydrophilic silicon surface comes in contact with each other at room temperature 
(as printed), hydrogen bond (and van der Waals bond) is formed immediately due to the existence 
of hydroxyl groups. Then, when the temperature is elevated above ~200 °C, strong Si-O-Si 
covalent bond start to form as a result of the dehydration condensation reaction:  
𝑆𝑖 − 𝑂𝐻 +𝐻𝑂 − 𝑆𝑖 = 𝑆𝑖 − 𝑂 − 𝑆𝑖 + 𝐻2𝑂     (4.3.1) 
At an intermediate temperature of 500 °C, the bonding strength is expected to reach a 
plateau, which may correspond to the saturated strength of all Si-O-Si bond formed at the interface.  
At even higher temperature, e.g. above 1000 °C, bonding strength may further increase, 
possibly due to the diffusion of oxygen and hydrogen into the bulk of silicon wafer and the 
formation of Si-Si bond [147]. The joining strength above 1000 °C is expected to reach the fracture 
strength of bulk silicon eventually.  
It is widely reported that for wafer-scale silicon direct bonding, voids can form at around 
lower temperature such as 500 °C, possibly due to the accumulation of released water or hydrogen 
molecule. Water is a byproduct of hydroxyl condensation reaction in equation 4.3.1 [147]. 
Hydrogen molecules are released when water oxidize the surrounding crystalline silicon and: 
𝑆𝑖 + 𝐻2𝑂 = 𝑆𝑖𝑂2 + 𝐻2    (4.3.2) 
However, no void is observed in this study at all temperatures (250 °C, 500 °C, 1000 °C) 
[148]. This void-free bonding phenomenon may be attributed to scaling down of bonding site, 
from wafer scale in previous literature to microscale in this study. The scaling favors the edge 
length (~ L) over the contact area (~ L2) of the binding site, which may provide easier paths for the 





Figure 4.11: SEM images of the specimen annealed under different conditions. Scale bar 
represents 20 μm. (a) Influence of maximum temperature (250 °C, 500 °C, and 1000 °C). (b) 
Influence of the carrier gas (Ar and O2). (c) The result from the black-box experiment.  
The influence of temperature is then characterized by taking the scanning electron 
microscopic images of the samples that are annealed at different temperatures, as shown in Figure 
4.11a. Qualitatively, it is observed that the degree of bending of nanomembrane increases 
monotonically with the temperature. Quantitative measurement of the nanomembrane deformation 
is estimated based on following formula, where the definition of R, d, L are indicated in Figure 
4.10. 
 













Different cooling rates are also investigated. Instead of quickly turning off the power with 
yield a cooling rate higher than 100 °C/min, slower cooling is also conducted by setting the cooling 
rate to 10 °C/min. It is observed that the slower cooling rate reduced the bending curvature. The 
effect of carrier gas in the annealing tube is also investigated, by changing the carrier gas from 
argon to oxygen. Surprisingly, the effective bending curvature decreases by changing the carrier 
gas from Ar to O2. The effect of carrier gas is plotted in Figure 4.12b.  The effect of temperature, 
cooling rate, and carrier gas is summarized in Figure 4.12.  
 
Figure 4.12: Characterization results of the effect of annealing temperature, ramp rate (a), and 
carrier gas (b).  
The observed correlation between annealing temperature and resulting curvature (Figure 
4.12a) may be explained by the temperature nonuniformity experience by the thin nanomembrane 
during cooling. It has been reported that the presence of certain conditions such as transient 
temperature and patterns on the silicon wafer can lead to temperature nonuniformity, which causes 
plastic deformation in silicon [151], [152]. In this study, the heat capacity of a bulk wafer is over 




Therefore, the bulk wafer may continue to heat up the bottom surface of the silicon nanomembrane 
during cooling. Also, the top surface of silicon nanomembrane has higher convection cooling rate 
compared to the bottom. As a result, the top surface of silicon nanomembrane cools down much 
faster than the bottom surface. The faster shrinkage of the top surface of silicon nanomembrane 
causes the upward curling of the nanomembrane during the process. After the cooling is fully 
completed, the elastic deformation is relaxed and the plastic deformation remains. Nevertheless, 
the net effect is always an upward curling, due to the geometric configuration of the samples. 
Higher annealing temperature and higher cooling rate can both contribute to a higher temperature 
nonuniformity through the thickness of nanomembrane. Therefore, they both cause higher 
curvature (Figure 4.12a). 
The effect of using oxygen as a carrier gas can be explained by the nonuniform surface 
oxidation of silicon nanomembrane during annealing. It is well-known that the thin oxide 
thermally grown oxide layer contains compressive stress, as the conversion of silicon to silicon 
dioxide causes a molar volume change in the Si network and, as a consequence, a compressively 
stressed interfacial layer [153]. For samples annealing in oxygen in this work, the top surface of 
the nanomembrane experiences higher temperature and high gas transportation rate compared to 
the bottom surface, due to the geometry of the sample and the orientation of the lamp. As a result, 
the top surface has a higher oxidation reaction rate which attributed to thicker thermally grown 
oxide layer on top. After cooling, it is reasonable to assume that both top and bottom oxide layers 
contain compressive stress, while the top oxide layer is much more dominant. The net effect of the 
thin oxide layer causes the nanomembrane to curl downward, which has an opposite effect on the 




effect of the thermal gradient to some extent. This explains the lower curvature of nanomembrane 
when the carrier gas is changed from an inert Ar gas to O2.  
Based on the analysis above, a black-box configuration is used to minimize thermal 
gradient through the silicon nanomembrane in order to reduce the post-annealing curvature. As 
shown in Figure 4.13, the sample to be annealing is fully enclosed in a mini-chamber with silicon 
boat, silicon lid, and silicon spacers. The sample is physically separated from the underlying boat 
by micro-sized silicon particles to reduce the heat conduction between sample and boat. As a result, 
the sample can be heated and cooled more evenly, thus minimize the thermal gradient. We conduct 
the experiment at an annealing condition which would otherwise induce high curvature (annealing 
at a high temperature of 1000 °C, fast cooling rate by turning off the lamp and using Ar carrier 
gas). Even under the least favorable condition, an almost flat nanomembrane is obtained. The SEM 
image of a curvature-free sample after annealing in the black-box is shown in Figure 4.11c.  
 
Figure 4.13: Black-box annealing experiment. (a) Schematic of the experimental setup. (b) 
Photograph of the black-box.  
In summary, this work studies the stress-induced deformation of ultrathin, monocrystalline 
silicon nanomembrane caused by rapid thermal processing. Most studies related to stress-induced 
deformation focus on thin films that are deposited at high temperature, layered in a heterogeneous 




stress-induced deformation occurs in monocrystalline, homogeneous silicon structures, which are 
mechanically assembled at ambient temperature and experience only a short period of high-
temperature processing, can still exhibit thermal stress induced curvatures. Strategies to minimize 
this unwanted deformation is investigated, which not only extend the capability of the LEGO-like 
microassembly process but also shine a light to a broad range of application which involves 





CHAPTER 5. CONCLUSION 
In summary, this thesis reports on the development of multiple elastomeric microsystems. 
Hybridization of rigid component into elastomeric structures, which is traditionally difficult for 
microfabrication processes, is realized by heterogeneous integration through transfer printing. 
Examples of structures and devices fabricated include a responsive surface with hybrid elastomer-
silicon microstructure and broadband vibration energy harvesters for self-sustained sensors. For 
the responsive surfaces, rigid silicon platelets with desirable micro and nanostructure are 
prefabricated and transfer printed onto either flat elastomer substrate or elastomeric micropillar 
arrays. In the case where rigid silicon platelets is printed on both side of flat elastomer sheet in a 
staggering manner, a mechanically responsive surface which generates corrugation topography 
upon in-plane stretching is experimentally demonstrated. In the case where rigid silicon platelets 
is transfer printed onto ferromagnetic micropillar arrays, a magnetically responsive surface with 
tunable surface wettability, optical transmission, or structural color is demonstrated. Using the 
magnetically responsive surface, droplet manipulation is experimentally shown. Similarly, 
electrically responsive structure can be formed by transfer print highly doped conductive silicon 
platelet onto conductive elastomer pillar. The application of such a structure as a micromirror for 
dynamic light scanning is experimentally demonstrated. In addition, by transfer printing ultrathin 
electronics on to soft spring suspension, broadband or tunable resonator is formed. By harnessing 
the intrinsic nonlinearity of the soft spring resonator, a broadband vibration energy harvester is 
fabricated and tested, which shows peak power of around 171 μW/cm3 under 1 g acceleration. 
Besides the efforts toward elastomeric microsystems, this thesis also contributes to several 




during printing, the joining strength after thermal processing, and the thermal stress caused by 
thermal processing are studied systematically in order to improve the manufacturing capability of 
transfer printing. Overall speaking, this thesis represents an effort to bridge microsystems 
technology with the emerging transfer printing fabrication techniques. The result obtained here 
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